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ABSTRACT
This review summarizes what is known about the influence of water temperature and velocity on
the migration and spawning success of an inland population of Chinook salmon Oncorhynchus
tshawytscha. Models are then developed and used to illustrate how migration and spawning
success might change if temperatures and velocities increase under a future climate. The illustration
shows the potential for moderate increases in temperature and velocity to reduce homing and
increase energy expenditure. Those two outcomes would reduce the abundance, productivity, and
diversity of the population studied. Under the future scenario illustrated, it would become difficult
for fish management actions alone to recover conservation-reliant populations of inland Chinook
salmon.
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Introduction

Self-sustaining native populations of Chinook salmon
Oncorhynchus tshawytscha once existed from southern
California to northern Alaska, and from northern
Japan to northern Russia (Scott and Crossman, 1973).
Human development of river systems eliminated
access to many historical production areas, and
altered the seasonal and spatial patterns of velocities
and temperatures of presently occupied habitat. Such
changes contributed to a decline in the abundance
and spatial distribution of many Chinook salmon
populations (e.g., Nehlsen et al., 1991). Nine Evolu-
tionarily Significant Units of Chinook salmon in the
Pacific Northwest United States were listed under the
United States Endangered Species Act (NOAA, 2017).
Those Evolutionarily Significant Units essentially have
become “conservation reliant” in that their persistence
relies heavily on human intervention (terminology
attributed to Dr. J.M. Scott, retired U.S. Geological
Survey Cooperative Fish and Wildlife Research Unit,
University of Idaho).

Adult Chinook salmon from inland populations
are highly susceptible to the effects of human devel-
opment because upon freshwater return they have a

lengthy migration and a narrow window of time to
reach the spawning grounds and spawn. Being semel-
parous, the adults do not feed in freshwater, and
have a fixed amount of stored somatic energy to
swim to their natal waters and spawn before dying.
The rate of energy expenditure as the fish complete
their final life stage is directly dependent on swim-
ming speed (fish speed plus water velocity) and tem-
perature (e.g., Geist et al., 2000a). Chinook salmon
generally behave and function normally at water tem-
peratures less than 20�C (Brett, 1952), but there are
disruptions in behavior and physiological functions as
temperature rises above 20�C to the point of death
between �25 and 28�C (Brett et al., 1982;
Stuehrenberg et al., 1978; Marine and Cech, 2004;
Richter and Kolmes, 2005; Yanke, 2006; Geist et al.,
2010; Perry et al., 2015).

In addition to the habitat changes caused in the past
by humans, adult Chinook salmon will be challenged
with any alterations to river flow and temperature
affected by future climate conditions. Bilby et al. (2007)
wrote a review on future climates with emphasis on fish
and wildlife resources of the Columbia River basin
within the Pacific Northwest United States. Most of the
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20 modeled climate scenarios reviewed by Bilby et al.
(2007) predicted an increase in annual precipitation that
was partitioned into increases in precipitation in the win-
ter, a general shift in winter precipitation from snow to
rain, and a decrease in precipitation during the summer.
The lowest level of change in predicted annual precipita-
tion was –2%, the average was C6%, and the highest was
C18%. All of the models reviewed predicted an increase
in annual average air temperature within a range of
C1.6�C to C4.9�C. Future increases in precipitation and
air temperature during the migration and spawning of
inland populations of Chinook salmon could increase
the water velocity and temperature exposures of the fish
and affect changes in behavior, energy use, and survival.

The goal of this review is to “illustrate” how fish
behavior, temperature, and velocity under a future cli-
mate might influence the migration and spawning suc-
cess of inland populations of Chinook salmon in highly
developed river systems. “Illustrate” is defined here as
“to explain logically by use of (a) the literature, (b)
empirical data that were collected under the technical
and logistical constraints common to all large river
studies, and (c) models that provide empirically-based,
biologically intuitive results that come with error that is
likely large.” After a general background on the fish
and river system is presented, five topics are covered
each in a separate section: Migration Timing, Behavior,
and Success; Spawning Behavior, Timing, and Success;
Illustrating the Effects of Velocity and Temperature on

Migration and Spawning Success Measured through
Spawning Site Selection and the Initiation of Redd Con-
struction; Illustrating the Effect of Temperature on
Embryo Loss; and Illustrating the Effects of a Future
Climate on Migration and Spawning Success. The
review is concluded with a discussion of what the
review illustrated and at its relevance to research and
management.

The fish and the river system

The fish

Chinook salmon in the Columbia River basin are divided
into management units as spring, summer, and fall runs
based on the timing of upstream passage at dams. Fall
Chinook salmon are further divided into tules and
upriver brights. Tule fall Chinook are native to the lower
Columbia River and its tributaries. Upon freshwater
entry, tules exhibit advanced maturation and the quality
of their flesh degrades rapidly, turning almost white.
Upriver brights, so named for their silvery skin color,
mature 1–3 months after freshwater entry, and migrate
further upriver. Today, the largest population of upriver
bright fall Chinook salmon referenced periodically in
this review is found in the Hanford Reach of the Colum-
bia River (Figure 1; Huntington et al., 1996). This review
focuses on upriver bright fall Chinook salmon popula-
tion from the Snake River basin (Figure 1).

Figure 1. The river system including the lower, middle, and upper stretches where the studies reviewed were conducted and the new
data analyzed were collected. The spawning areas located within the Lower Snake and Clearwater sub-water sheds covered in Table 2
are also shown.
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Fish origin is dependent on the spawning location.
Natural-origin fish are the offspring of parents that
spawned in the wild, whereas hatchery-origin fish are
the offspring of parents spawned in captivity. Fish of
both origins spend from a few months to 4 years,
and sometimes but rarely 5 years, maturing in the
Pacific Ocean (Connor et al., 2005). The number of
years between fry emergence in freshwater and return
to the estuary after maturation in saltwater is referred
to here as “apparent ocean age” (hereafter Age-I,
Age-II, Age-III, Age-IV, and Age-V). Females have
apparent ocean-age distributions composed of higher
proportions of older fish compared to males regard-
less of origin primarily because Age-I females are
rare, and it is common for the proportion of Age-III
females in the run to be large. Natural-origin fish
(both sexes combined) have apparent ocean-age dis-
tributions composed of higher proportions of older
fish compared to hatchery-origin fish primarily
because Age-I hatchery males can be numerically
abundant. This review focuses largely on fish that are
apparent Age-II or older that are classified as
“adults.” Emphasis is placed on females because they
return almost exclusively as adults, and they construct
countable spawning nests (hereafter, redds) that pro-
vide an indicator of geographic distribution and
abundance.

Connor et al. (2016) estimated that the Snake River
basin once supported a minimum of � 408,500 to
536,200 wild fall Chinook salmon adults (i.e., no hatch-
ery influence), but by 1990 only a portion of the histori-
cal habitat remained free-flowing and accessible.
Presently, every natural-origin fish produced in the wild
has some level of hatchery parentage. In 1990, only 78
natural-origin adults were estimated to have arrived at
Lower Granite Dam (Figure 1) that had the potential to
spawn in riverine habitat upstream of the dam (Cooney,
1991). The Snake River fall Chinook salmon Evolution-
arily Significant Unit, composed of a single population
(hereafter, the population), was listed as threatened
under the U.S. Endangered Species Act in 1992 (NMFS,
1992). The population is strongly conservation-reliant as
its persistence is dependent on protective harvest regula-
tions, a hatchery program, and the adaptive management
of dams and reservoirs.

Newcomers to the Columbia River basin began to
overharvest Chinook salmon both in saltwater and fresh-
water in the late 1800s (e.g., USCFF, 1894). Of the fish
that entered the Columbia River, up to 88% were har-
vested (Chapman, 1986). Freshwater harvest rates fluctu-
ated at levels below 88% as the population declined up
until listing under the U.S. Endangered Species Act
(NOAA, 2014). Since listing, a harvest schedule has been

implemented to protect the fish. Tribal members have
treaty rights (i.e., the Nez Perce, Umatilla, Warm
Springs, and Yakima Treaties of 1855) to harvest Chi-
nook salmon throughout the Columbia River basin. The
rightful treaty harvest of fall Chinook salmon is predom-
inantly focused between Bonneville and McNary dams
(Figure 1). Scheduled treaty harvest increases from 20%
to 30% of the run depending on the estimated abundance
of the fish entering the mouth of the Columbia River
(TAC, 2008). There is additional non-treaty harvest that
cannot exceed a rate of 15%, a significant portion of
which takes place downstream of Bonneville Dam (TAC,
2008).

A hatchery program was initiated in 1975 after the
threat of extinction had been fully recognized. The pro-
gram started as a genetic conservation effort that
included the construction and operation of Lyons Ferry
Hatchery (Figure 1) in concert with a network of existing
hatcheries (e.g., Bugert et al., 1995). The contemporary
hatchery program releases a portion of the juveniles pro-
duced into riverine spawning areas with the intent of
increasing the number of adults that return, spawn in
the wild, and produce natural-origin juveniles. Over the
past 10 years the number of adult spawners estimated to
have passed Lower Granite Dam has been as high as
�53,000 (see Young et al., 2012 for methods). During
those years, the majority of the spawners have been first
generation, hatchery-origin fish (mean 68%; Ford et al.,
2015).

Dam construction in the Pacific Northwest United
States was the primary form of development that
eliminated habitat connectivity, and completely
altered the hydrology of the Columbia and Snake riv-
ers. Numerous modifications have been made to res-
ervoir operations and fish passage structures at dams
in an effort to reverse the declines of anadromous
fish populations. The modifications that involve adult
passage and temperature management are addressed
to various extents later in this review. The states of
Oregon and Washington established a maximum
water temperature standard of 20�C for the Columbia
and Lower Snake rivers to protect salmonids pursuant
to the U.S. Clean Water Act (Washington Adminis-
trative Code 2011; Oregon Administrative Rule 2011).
Similarly, the state of Idaho established a maximum
temperature limit of 13�C in Hells Canyon to protect
Snake River fall Chinook salmon during spawning
(Idaho Administrative Procedures Act 2014).

To describe the spatial and temporal aspects of the
velocity and thermal exposure of the fish as they
swim upstream, the study area was demarcated into
lower, middle, and upper stretches (Figure 1). The
upper stretch was further divided into the Lower
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Snake and Clearwater River sub-watersheds (Figure 1).
Before the fish enter the lower stretch of the study
area, they are subjected to environmental conditions,
non-treaty harvest, and predation over a distance of
roughly 235 km between the Columbia River estuary
and the tailrace of Bonneville Dam (Figure 1). The
energy used by the fish to swim from the estuary to
Bonneville Dam is accounted for in subsequent analy-
ses of migration and spawning success, whereas fish
loss between those two points is not evaluated. Here-
after, the study area is referred to as “the river
system.”

The lower stretch of the river system

Returning adult salmon first enter the lower stretch of
the river system when they arrive in the tailrace of
Bonneville Dam (Figure 1). The lower stretch of the
river system is impounded and extends from the tail-
race of Bonneville Dam upstream along the Columbia
River to the Lower Snake River mouth. The fish pass
through four dam tailraces (measured to the upstream
ladder exit) and reservoirs before arriving at the
Lower Snake River mouth. The tailrace-to-dam dis-
tances are much shorter compared to the reservoir
distances (Bonneville, The Dalles, John Day, and
McNary in Table 1; Lower stretch in Figures 1 and 2).

The fish are counted in both of the ladders (one on
each side of the river) at each of the four lower
Columbia River dams and are assigned to a run. The
run schedules for fall Chinook salmon range from
01-Aug–15-Aug at Bonneville Dam to 09-Aug–31-Oct
at McNary Dam (CBR, 2017). Longitudinal tempera-
ture and flow patterns do not vary substantially
throughout the lower stretch of the river system over

the 01-Aug–31-Oct date span of the fall Chinook
salmon run schedules. As such, the run schedule at
every dam in the lower stretch overlaps with the
warmest, low-flow days of summer (Figures 3 and 4).
For example, daily mean temperature measured at the
dam tailraces exceeded 20�C 30 times in 2010,
25 times in 2011, 18 times in 2012, 52 times in 2013,
38 times in 2014, and 33 times in 2015.

The tailrace velocities at the four dams along the
lower stretch of the river system are hydraulically
complex and dynamic as the velocities vary consider-
ably across the channel depending on how the flow is

Table 1. Tailrace, ladder, and reservoir distances (km) calculated
from the tailrace of Bonneville Dam to the upper end of the south
arm of Lower Granite Reservoir.

Distances

Dam or Reservoir Tailracea Ladderb1 Reservoir Total

Bonneville2 3.5 0.3 71.7 75.6
The Dalles 1.8 0.4 36.0 38.1
John Day 2.3 0.3 120.9 123.5
McNary 2.3 0.5 66.8 69.6
Ice Harbor 0.8 0.4 49.3 50.5
Lower Monumental 2.1 0.3 44.5 47.0
Little Goose 1.6 0.3 57.4 59.2
Lower Granite 2.2 0.3 61.0 63.5
Total 16.6 2.8 507.6 527.0

aRakowski et al. (2010), bMeasured from aerial plots.
1When there were two ladders distances of unequal length at a dam, the
mean distance was used.
2Information on the ladders at Bonneville Dam was not found, thus the mean
ladder length at The Dalles Dam was used after adjusting for differences in
dam height.

Figure 2. Net distances fall Chinook salmon adults must travel to
complete tailrace-to-dam and reservoir passage events in the
lower and middle stretches of the river system, and to the most
consistently and heavily used spawning sites within the spawning
areas located within the upper stretch.

Figure 3. Inter-annual daily mean temperature (�C) measured in
the lower stretch of the river system in the tailrace of McNary
Dam, the middle stretch in the tailrace of Ice Harbor Dam, and
the upper stretch within the spawning areas within the Lower
Snake River sub-watershed, and within the Clearwater River
lower and upper reaches within the Clearwater River sub-water-
shed, 2010–2015. Data for the dams are from CBR (2017). Data
for the Lower Snake River watershed, S.F. Clearwater lower reach,
M.F. Clearwater, and Selway River lower reach were collected by
the authors of this review and their staff. Data for the remaining
spawning areas within the Clearwater River watershed were col-
lected by the U.S. Geological Survey at Spalding (Station
13342500) and Orofino (Station 13340000), Idaho.
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proportioned between and among the powerhouse
and spillways (see Rakowski et al., 2010). In this
review, tailrace velocities (as well as reservoir veloci-
ties) are illustrated simply as mean cross-sectional
velocities that were coarsely simulated as described in
Table A1. Mean cross-sectional tailrace velocities in
the dam tailraces along the lower stretch of the river
system decline throughout the fall Chinook salmon
run schedule (Figure 5).

Reservoir velocities in the lower stretch of the river
system are far less hydraulically complex and dynamic
compared to tailrace velocities, and they are affected pri-
marily by flow volume, channel width, and channel
depth. Wind and thermal gradients can also influence
anomalies in reservoir velocities (Cook et al., 2006).
Mean cross-sectional reservoir velocities in the lower
stretch decline over the period fall Chinook salmon are
passing upstream and are much slower compared to tail-
race velocities (Figure 5).

The middle stretch of the river system

After exiting the lower stretch, fall Chinook salmon des-
tined for the Snake River basin spawning grounds enter
the middle stretch of the river system that is also
impounded. The middle stretch extends from the mouth
of the Lower Snake River to the upper ends of the south
and east arms of Lower Granite Reservoir formed within
the Lower Snake and Clearwater rivers, respectively
(Figure 1). Fall Chinook salmon encounter four dams
along the middle stretch each of which is equipped with
one or two fish ladders in which fish are counted. The
run schedules for fall Chinook salmon at the four Lower
Snake River dams range from 12-Aug–15-Dec at Ice
Harbor Dam to 18-Aug–15-Dec at Lower Granite Dam
(CBR, 2017).

Unlike the lower stretch of the river system, the
temperature regime in the middle stretch can be
modified by releasing stored, cold water from Dwor-
shak Reservoir formed by Dworshak Dam on the
North Fork Clearwater River (Figure 1). Dworshak
Dam (Figure 1) is equipped with multi-level selector
gates that are operated to control outflow tempera-
tures (USACE, 1986). Dworshak Reservoir releases
are used to meet a temperature standard of 20�C and
a flow standard of 50 to 55 thousand cubic feet per
second (KCFS), measured in the tailraces of the
Lower Snake River dams from 21-Jun to 31-Aug
(NMFS, 1995). The primary intent was initially to
enhance migratory conditions for juvenile fall Chi-
nook salmon, but the standards are in effect during
the early portion of the adult fall Chinook salmon
run schedule. The Snake River Basin Water Rights

Adjudication among the Nez Perce Tribe, the State of
Idaho, and the U.S. Government, mandated that a
portion of the stored water in Dworshak Reservoir be
put under the jurisdiction of the Tribe. Since 2002,
the Tribe has used that adjudicated water to cool
temperatures in the middle stretch of the river system
through about 20-Sep depending on year.

Cook et al. (2006, 2007) used 2- and 3-dimensional
temperature modeling to describe the thermal envi-
ronment along the middle stretch of the river system.
The most thermally diverse area is located near the
confluence where relatively warm water from the
Lower Snake River sub-watershed meets the relatively
cold water from the Clearwater River sub-watershed.
As the water moves downstream from the confluence
it stratifies in Lower Granite Reservoir. On average at
Lower Granite Dam, water temperatures 1.5 m below
the surface were 5�C warmer than water temperatures
20–40 m below the surface. Cook et al. (2006) called
that difference between the two depth-specific means
“stratification intensity.” Stratification intensity dimin-
ished as thermally heterogeneous water mixed as it
passed downstream through each Lower Snake River
reservoir and dam. Mean stratification intensity was
2.5�C in the forebay of Little Goose Dam, 2.1�C in
the forebay of Lower Monumental Dam, and 1.8�C in
the forebay of Ice Harbor Dam.

Acknowledging the complex thermal environment
in Lower Granite Reservoir, but noting that the flow
pattern does not vary considerably from Lower Gran-
ite Reservoir to Ice Harbor Dam tailrace, temperature
and flow measured in the tailrace of Ice Harbor Dam
are used here to illustrate the temperature and flow
regimes of the middle stretch of the river system.
Even when cool water is released from Dworshak
Reservoir, the date span of the fall Chinook salmon
run schedules in the middle stretch (12-Aug–15-Dec)

Figure 4. Inter-annual daily mean flow (KCFS) measured in the
lower and middle stretches of the river system in the tailraces of
McNary and Ice Harbor dams, respectively, 2010–2015 (CBR,
2017).

REVIEWS IN FISHERIES SCIENCE & AQUACULTURE 5



includes the warmest, low-flow days of summer (Fig-
ures 3 and 4). For example, daily mean temperature
exceeded 20�C 21 times in 2010, 23 times in 2011,
29 times in 2012, 41 times in 2013, 33 times in 2014,
and 28 times in 2015. Mean cross-sectional reservoir
velocities decline over the run schedule, noting that
reservoir velocities are much slower compared to the
tailrace velocities (Figure 5).

The upper stretch of the river system

The upper stretch of the river system is partly regu-
lated by dams, but it is composed entirely of riverine
habitat (Figure 1). Fall Chinook salmon arrive in the
upper stretch of the river system and enter the
spawning areas as early as August, but most enter
starting in September (e.g., Connor and Garcia,

2006). Fall Chinook salmon redds are counted in the
Lower Snake and Clearwater sub-watersheds to moni-
tor the status and trends in the spatial distribution of
the population (see Groves and Chandler, 1999;
Groves et al., 2013, 2016 for methods). Those data
were used here to identify and rank the reaches of
rivers that support spawning (hereafter, spawning
areas) according to production potential. Spawning
areas that could support at least 500 females based on
observed redd counts (assuming each female con-
structed only one redd; e.g., Connor et al., 2001;
Groves et al., 2013) were classified as primary produc-
tion areas. Spawning areas that could support at least
200 females were classified as secondary production
areas. If the annual redd counts were above 0 but less
than 200 with no consecutive lapses in occupancy
during years when redd surveys were conducted, a
spawning area was classified as a tertiary spawning
area.

The primary spawning areas in the Lower Snake sub-
watershed include the Upper and Lower Hells Canyon
spawning areas (Table 2; Figure 1). Within the Lower
Snake sub-watershed, the Grande Ronde lower reach is a
secondary spawning area, and the Imnaha and Salmon
lower reaches are tertiary spawning areas (Table 2;
Figure 1). The Clearwater lower reach is the primary
spawning area in the Clearwater sub-watershed (Table 2;
Figure 1). There are four tertiary spawning areas in the
Clearwater sub-watershed including the Clearwater
upper reach, South Fork Clearwater lower reach, contig-
uous Middle Fork Clearwater, and Selway lower reach
(Table 2; Figure 1).

After entering the upper stretch of the river system,
the fish have to traverse considerable net channel distan-
ces to spawning sites (Figure 2). For example, fish des-
tined to spawn at the most frequently used sites in the
Lower Snake sub-watershed travel net distances of

Figure 5. Inter-annual daily mean simulated velocities (cm/s) for
the dam tailraces and reservoirs in the lower stretch of the river
system (see Eqs. 3 and 4 in Table A1), for the dam tailraces and
reservoirs in the middle stretch of the river system (see Eqs. 9
and 10A–10O in Table A1), and for the Upper and Lower Hells
Canyon spawning areas (distance weighted 1-D modeling; Bor-
den and Manning, 2011).

Table 2. Snake River basin fall Chinook salmon spawning areas located upstream of Lower Granite Dam. Accessible channel length is
given in kms. Channel length (kms) was determined from river charts or redd locations documented by the authors except for the Lower
Snake upper and lower reaches that are from Dauble et al. (2003). Abbreviations: rkm, river km (river mouth D rkm 0); D., Dam; Res.,
Reservoir; S. F., South Fork; M.F., Middle Fork.

Accessible Production
Spawning area Reach Upper end1 Lower end1 length ranking

Upper Hells Canyon Contiguous Hells Canyon Dam rkm 398.7 Salmon River rkm 302.9 95.8 Primary
Lower Hells Canyon1 Contiguous Salmon River rkm 302.9 Lower Granite Reservoir rkm 234.0 68.9 Primary
Grande Ronde Lower rkm 116.0 rkm 0.0 116.0 Secondary
Imnaha Lower rkm 33.0 rkm 0.0 33.0 Tertiary
Salmon Lower rkm 176.9 rkm 0.0 176.9 Tertiary
Clearwater Lower rkm 65.0 Lower Granite Reservoir rkm 6.0 59.0 Primary

Upper rkm 120.0 rkm 65.0 55.0 Tertiary
S. F. Clearwater Lower rkm 30.9 rkm 0.0 30.9 Tertiary
M. F. Clearwater Contiguous Selway River. rkm 157.0 S. F. Clearwater River rkm 120.0 37.0 Tertiary
Selway Lower rkm 31.0 rkm 0.0 31.0 Tertiary

1Presented as one reach for simplicity, but can also be divided into two reaches using the Grande Ronde River as the dividing point.
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32.8 km to 100.7 km. Fish destined to spawn in the most
frequently used sites in Clearwater sub-watershed travel
net distances of 29.4 km to 151.1 km.

Exposure of adults to warm water is not a phenome-
non restricted to the lower and middle stretches of the
river system (Figure 3). Every fish destined for spawning
areas in the Lower Snake sub-watershed has to enter the
Lower Hells Canyon spawning area (Figure 1). Of the
spawning areas, the Lower Hells Canyon spawning is the
second warmest from 01-Sep through 13-Dec when fall
Chinook salmon are making pre-spawning movements
and spawning in the upper stretch of the river system
(Figure 3). Daily mean temperature recorded after 01-
Sep along the Lower Hells Canyon spawning area
exceeded 20�C 1 time in 2010, 27 times in 2011, 14 times,
in 2012, 23 times in 2013, 17 times in 2014, and 11 times
in 2015. Fish entering secondary or tertiary spawning
areas can sometimes be exposed to temperatures above
20�C after tributary entry within the Lower Snake River
watershed (Figure 3). For example in 2013, daily mean
temperature exceeded 20�C in the Grande Ronde,
Imnaha, and Salmon lower reaches 17, 16, and 18 times,
respectively. The Upper Hells Canyon spawning area is
the warmest spawning area from 01-Sep through 13-Dec
(Figure 3). After 01-Sep, daily mean temperature along
the Upper Hells Canyon spawning area exceeded 20�C
17 times in 2010, 33 times in 2011, 30 times in 2012,
28 times in 2013, 29 times in 2014, and 28 times in 2015.

The release of cold water from Dworshak Reservoir
creates a benign temperature environment after 01-Sep
in the Clearwater River lower reach (Figure 3). Tempera-
tures increase as fish swim upstream from the Clearwater
River lower reach into the Clearwater River upper reach
(Figure 3). Temperatures above 20�C after 01-Sep are
sometimes observed in the Clearwater upper reach. For
example in 2013, daily mean temperature exceeded that
standard 17 times. Fish destined to spawn in the South
Fork Clearwater lower reach, the Middle Fork Clear-
water, and the Selway lower reach must pass through the
Clearwater upper reach and can be exposed to tempera-
tures above 20�C while doing so. Once the fish enter
those three spawning areas they are rarely exposed to
temperatures above 20�C (Figure 3).

Fish from the population spawn in the fall with some
temporal variation between sub-watersheds and among
spawning areas (Figure 6). Spawn timing and tempera-
ture of a given spawning area affect the amount of time
the embryos spend developing in the gravel. After fertili-
zation and egg deposition, the embryos develop in the
gravel from five to nine months before absorbing their
yolk sac and emerging as fry (Connor et al., 2002, 2003).

Flow is important to consider in the upper stretch
of the river system because large decreases in flow

can dewater redds (e.g., Harnish et al., 2014). Redd
dewatering can kill developing embryos. Flow in the
Upper and Lower Hells Canyon spawning areas, and
in the Clearwater lower reach, is regulated by Hells
Canyon (Figure 1) and Dworshak dams, respectively.
Minimum stable flows from Hells Canyon Dam were
established in 1991 to prevent redd dewatering in the
Upper Hells Canyon spawning area. That practice
also minimized the potential for redd dewatering in
the Lower Hells Canyon spawning area that receives
unregulated inflow from the Imnaha, Salmon, and
Grande Ronde rivers (IPC, 1990). In the case of the
Clearwater River lower reach, use of Dworshak Reser-
voir water to supplement flow and decrease tempera-
tures in the lower four Snake River reservoirs draws
the reservoir down to near-minimum operating eleva-
tions, greatly reduces power peaking operations in the
fall and winter that can dewater redds, and results in
stable or naturally increasing flows from Dworshak
Dam during and after spawning. In short, the dams
capable of causing redd dewatering are generally
operated to avoid it, and redd dewatering is not pres-
ently considered to be a large factor for spawning
success.

Velocities in the upper stretch of the river system are
complex and vary widely both laterally and longitudi-
nally within a spawning area, as well as among spawning
areas. With regard to describing velocity, this review
focuses on mean cross-sectional velocities in the Upper
and Lower Hells Canyon spawning areas because those
areas have been most intensively modeled (see Borden
and Manning, 2011 for methods). Mean cross-sectional
velocities are higher in the Upper Hells Canyon

Figure 6. Inter-annual mean total redd counts estimated on the
end dates of six spawning intervals (21-Sep‒04-Oct, 05-Oct‒18-
Oct, 19-Oct‒01-Nov, 02-Nov‒15-Nov, 16-Nov‒29-Nov, 30-Nov‒
13-Dec) from data collected during aerial surveys conducted by
the authors and their staff during 1991‒2015 (methods, Groves
and Chandler, 1999; Groves et al., 2013, 2016) within the primary,
secondary, and tertiary spawning areas used by Snake River basin
fall Chinook salmon upstream of Lower Granite Reservoir
(Figure 1; Table 2).
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spawning area compared to velocities in the Lower Hells
Canyon spawning area (Figure 5). Mean cross-sectional
velocities are higher in both of those spawning areas
compared to velocities in the dam tailraces and reservoirs
in the lower and middle stretches of the river system
(Figure 5).

Migration timing, behavior, and success

This section covers four objectives that describe:
(1) the use of radiotelemetry and PIT-tag data to help

understand migration timing, behavior, and
success;

(2) migration timing;
(3) migration behavior; and
(4) migration success.

The radiotelemetry and PIT-tag data

Much of the understanding of fall Chinook salmon
migration timing, behavior, and success is derived
from studies of individual fish using radiotelemetry
and PIT tags. Bjornn and Peery (1992) provided a
comprehensive review of the numerous early (1956–
1991) telemetry studies of adult salmon and steelhead
(O. mykiss) that were initiated to better understand
fish migration rates, dam passage behavior, and loss
between dams in the Columbia and Snake rivers.
Many of the studies reviewed in this section were
brought to the attention of the authors by the Bjornn
and Peery (1992) paper. Bjornn and Peery initiated a
series of intertwined radiotelemetry studies on upriver
bright fall Chinook salmon in 1998.

The radiotelemetry studies started by Bjornn and
Peery provided key components of many of the anal-
yses in this review. In general, adult fish were
diverted as they passed upstream in a fish ladder at
Bonneville Dam where they were identified to species,
sexed, measured, and checked for fin clips, tags, and
injuries. Based on run schedule and morphological
features, the majority of the fish tagged were probably
from the healthy, abundant Hanford Reach popula-
tion of upriver brights. Temperature-related tagging
restrictions prevented tagging fish during the warmest
portions of most years, but after close inspection by
the researchers the data proved to be generally repre-
sentative of the upriver bright populations. Adults
were gastrically tagged with uniquely coded radio
transmitters and released either downstream of
Bonneville Dam or in the dam forebay. Fixed radio-
telemetry stations were established at various

locations from Bonneville Dam to Priest Rapids Dam
(Figure 1) and the upper end of Lower Granite Reser-
voir to provide data on passage behaviors.

The introduction of PIT tags overcame many of
the technological and biological limitations of radio-
telemetry. Fish could be tagged as juveniles with few
negative effects, the tags had an unlimited life and
could be detected in the adults as they ascended the
ladders at dams, and were uniquely coded to allow
the retrieval of fish-specific data (Prentice et al.,
1990a, 1990b, 1990c; Tiffan et al., 2015). As such,
known-origin upriver bright fall Chinook salmon
adults from the Snake River basin population that
had been implanted with a tag as juveniles could be
detected passing dams as they moved upstream from
Bonneville Dam to Lower Granite Dam without being
handled or stressed. The number of dams with adult
ladders or other passage structures fitted with PIT-tag
monitoring devices (e.g., Prentice et al., 1990c)
increased over time as did the number of juvenile fall
Chinook salmon that were PIT tagged.

From this point on in the review, several original
analyses are conducted with PIT-tag data to compli-
ment or fill in gaps left by the radiotelemetry studies.
The PIT-tag data were collected on hatchery-origin fish
that were released as juveniles upstream of Lower Gran-
ite Dam during 2005–2012, which then returned to
spawn during 2010–2015. The data were downloaded
from the central database (PTAGIS, 2017). The analy-
ses focuses on hatchery-origin adults (Age-II and older)
because the numbers of natural-origin adults that had
been PIT tagged as juveniles was too small for meaning-
ful, stand-alone analyses. The return years analyzed
include 2010 to 2015 because the proportions of the
returning adults that had been tagged as juveniles were
the highest on record and provided large sample sizes
of detected fish. Detection data collected at Bonneville,
McNary, Ice Harbor, and Lower Granite dams were
analyzed because all four of those dams had PIT-tag
monitoring systems in the ladders during 2010–2015
and the detection efficiencies of the systems exceeded
96% in all years (e.g., Tenney et al., 2011, 2014, 2015;
PSMFC, 2013). Based on PIT-tag detection histories,
the prevalent age class of the PIT-tagged adults was
Age-III in 2011(61.8%), 2014 (49.8%), and 2015
(75.4%), whereas Age-II fish were most prevalent in
2010 (97.9%), 2012 (83.4%), and 2013 (69.7%). The pre-
ponderance of Age-II PIT-tagged adults in the age class
distributions of those three years probably resulted
from the sex composition of the population. Males can
be numerically dominant in the run in some years and
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can return at younger ages compared to females (Con-
nor et al., 2005).

Migration timing

Sample sizes of known Snake River fish in the radio-
telemetry studies were too small to describe migration
timing accurately. The passage date distributions calcu-
lated using the last date a PIT-tagged adult was detected
at Bonneville, McNary, Ice Harbor, and Lower Granite
dams were compressed and symmetrical (Figure 7). The
mean passage dates at each dam, and the corresponding
passage date distributions, varied little among years at a
particular dam. Annual mean passage dates increased as
the fish moved upstream. On average, the fish passed
Bonneville Dam during the first week of September,
McNary and Ice Harbor dams during the second week of
September, and Lower Granite Dam during the third
week of September. At least 95% of the fish detected at

each dam during each year was detected within the run
schedules. The run schedules tended to miss very early
and very late migrants.

Migration behavior

General dam passage behaviors
Radiotelemetry studies conducted in the 1980s showed
that the total time required for adult fall Chinook salmon
to pass individual lower Columbia River dams ranged
from 14 h (McNary Dam) to 31 h (John Day Dam;
Liscom and Stuehrenberg, 1983; Ross, 1983; Turner et
al., 1984). Most adult fall Chinook salmon used the fish-
way ladders to pass dams, and they passed primarily dur-
ing daylight hours (Calvin, 1975); but the occasional
adult passed the dams via the navigation locks, and a few
fish passed at night (Boggs et al., 2004; Keefer et al.,
2004). Once fish entered the fish ways, times to ascend
the fish ladders only ranged from 3 h to 7 h (Duncan et
al., 1978; Johnson et al., 1982; Ross, 1983; Shew et al.,
1985), and passage rates were faster at reduced power-
house discharges (Monan and Liscom, 1974).

One behavior that can adversely affect adult salmon
behavior and energetics is dam fallback (i.e., passing
back downstream of the dam after initial, successful
passage). Early telemetry studies showed that fallback
rates were relatively low (range, 0–2%) and were likely
influenced by low flows in late summer and fall (Young
et al., 1974; Liscom and Stuehrenberg, 1983; Ross,
1983). Later studies confirmed that fallback was
observed at every dam, but was sometimes higher than
reported in earlier studies especially at Little Goose
Dam (Table 3). “Permanent” fallbacks are those fish
that never re-ascend fish ladders after falling back. If a
fish fell back and remained healthy but did not re-
ascend the ladder, it was likely that the ladder and dam
were located upstream of, or adjacent to, the direct
route to the natal tributary or hatchery of the fish.
Boggs et al. (2004) termed that particular behavior
“overshoot fallback.” For example, upriver brights des-
tined for the Hanford Reach might wander into the
Lower Snake River and pass Ice Harbor Dam before
falling back and continuing on the correct course to
their natal spawning location (e.g., see Ice Harbor Dam
fallback; Table 3; also see Mendel et al., 1992, 1993;
Mendel and Milks, 1997). Likewise, a strong return to
Lyons Ferry Hatchery could increase fallback rates at
Little Goose and Lower Granite dams (e.g., see Little
Goose and Lower Granite Dam fallback; Table 3). Con-
sequently, subsequent analyses of energetics omitted
adults returning from Lyons Ferry Hatchery releases,
and only included adults returning from releases of
juveniles made upstream of Lower Granite Dam.

Figure 7. Standardized passage date distributions (2010‒2015) at
Bonneville (panel A), McNary (panel B), Ice Harbor (panel C), and
Lower Granite (panel D) dams for PIT-tagged, hatchery-origin fall
Chinook salmon adults compared to the run schedules at those
dams (CBR, 2017).
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Upstream movement, temperature, and flow
Initial studies of upstream movement rate focused on
travel times (elapsed days) and rates (distance traveled
divided by elapsed days) within reservoirs between
dams. Fall Chinook salmon migrated between Bonneville
and McNary dams at 20.0–27.2 km/d (Oregon Fish
Commission, 1960; Young et al., 1974). Trefethen and
Sutherlin (1968) measured migration rates of fall Chi-
nook salmon in Brownlee Reservoir on the Snake River
and showed that fish travelled from 16.1 to 16.8 km/d.
Fallback behavior was shown to increase upstream travel
times, which is potentially detrimental to adults because
it can lengthen migration thereby increasing energy
expenditure during the warmest, low-flow days of sum-
mer. Using radiotelemetry, Keefer et al. (2004) found
that the annual median Bonneville-to-McNary and Bon-
neville-to-Lower Granite travel times were longer (10–15
d and 9–26 d, respectively) for fish that fell back com-
pared to fish that did not fall back (8–9 d, Bonneville-to-
McNary; 15–17 d, Bonneville-to-Lower Granite).

Because adult fall Chinook salmon migrate during the
warmest, low-flow days of summer, managers have been
interested in the effect of temperature, flow, and passage
date on upstream movement. Keefer et al. (2004) ana-
lyzed radiotelemetry data collected in 2000 and 2001 to
explore those effects. Univariate and quadratic regression
models were fitted to data aggregated from individuals
into semi-monthly blocks with movement rates being
expressed as the median observed in each block. The
results were inconsistent and unconvincing. It was not
possible to judge the explanatory power of the models

because the coefficients of determination were not
reported.

Goniea et al. (2006) expanded on the work of Keefer
et al. (2004) by analyzing data collected during 1998 and
2000‒2004 that were aggregated into 52 weekly bins for
plotting against mean weekly temperature intervals
(range, 14.0‒14.9�C to 22.0‒22.9�C) at Bonneville Dam.
Upstream movement rate between Bonneville and John
Day dams was slower in warmer years and at higher tem-
peratures, particularly when temperatures exceeded
21�C. Analysis of variance identified temperature inter-
val as the most influential predictor of rate of upstream
movement, followed by year, and then the interaction
between year and temperature.

Goniea et al. (2006) also provided the first evi-
dence that adult upriver brights temporarily used cool
tributaries for behavioral thermoregulation. Of the
2,121 fish studied, 9.1% (n D 194) resided in those
tributaries for an average (§SD) of 5.1§5.8 d (range,
12 h to 34 d). The relation between the proportions
of fish in each bin that used tributaries and mean
weekly Columbia River temperatures was exponential
(Figure 8). Less than about 5% of fish used tributaries
when Columbia River temperatures were below
20.0�C, but tributary use increased to about 40%
when temperatures exceeded 21�C.

Goniea et al. (2006), consistent with the results of
Keefer et al. (2004), concluded that many fall Chinook
salmon exhibited thermoregulatory behaviors, but the
response to warm temperature varied among fish, and
whether or not a given fish would halt their migration

Table 3. Information on fallback of presumed, upriver bright fall Chinook salmon adults at the lower dams within the lower and middle
stretches of the river system. The data are from Boggs et al. (2004; years 1998, 2000, and 2001) and was pooled across years for this
table. The denominator for gross and net fallback percentages was the number of unique fish that passed. The numerator for net fall-
back was the number of unique fish that re-ascended the ladder (n under Reascension). The denominator for all other percentages was
the number of unique fallbacks.

Reascension Overshoot fallback Unknown fate

Number of unique
fish that passed

Number of
unique fallbacks

Gross
fallback percentage

Net fallback
percentage n % n % n %

Bonneville Dama

2,093 83 4.0 2.1 40 48.2 10 12.0 33 39.8
The Dalles Dam
2,080 176 8.5 6.0 51 29.0 73 41.5 52 29.5

John Day Dam
1,633 48 2.9 2.7 4 8.3 23 47.9 21 43.8

McNary Dam
1,366 35 2.6 1.8 10 28.6 16 45.7 9 25.7

Ice Harbor Dam
155 14 9.0 7.7 2 14.3 12 85.7 0 0.0

Lower Monumental Dam
146 9 6.2 4.8 2 22.2 5 55.6 2 22.2

Little Goose Dam
125 23 18.4 13.6 6 26.1 13 56.5 4 17.4

Lower Granite Dam
95 15 15.8 8.4 7 46.7 4 26.7 4 26.7

aData were not collected downstream of Bonneville Dam in 2000 and 2001.
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upon exposure to temperatures above 20�C was unpre-
dictable. A salient point made by Goniea et al. (2006) is
that inland fall Chinook salmon continue migration
under sub-lethal, warm temperatures because they have
a long way to migrate and a narrow window of time to
reach the spawning grounds and spawn.

Caudill et al. (2013) was another publication pro-
duced by the series of radiotelemetry studies started
in 1998. That study was conducted during 2000‒2003
on 227 fish in the middle stretch of the river system
and focused on the behavioral response of fish to
temperature gradients in the fish ladders. At the time
of the study, the top of the ladders drew warm sur-
face water from the forebay of each dam, whereas
water in the tailrace at the bottom of the ladders was
relatively cool as it exited the powerhouse turbines
having been drawn from deeper in the forebay.
Caudill et al. (2013) referred to the difference between
top-of-ladder and base-of-ladder temperatures as DT,
and characterized the temporal and spatial trends in
DT observed in the ladders of the lower Snake River
dams. Not unexpectedly, the frequency DT exceeded
0�C was highest during summer, and values of �
2.0�C were most frequently observed at Lower Monu-
mental, Ice Harbor, and Lower Granite dams. At
Lower Granite Dam where the temperature gradient
in the forebay was greatest, DT values above 3.0�C
were common and some values � 4.0�C were
observed. Fish fitted with data-storage radio

transmitters had body temperatures directly propor-
tional to ladder temperatures (inter-annual range of
r2; 0.97–0.98), and as such, body temperatures
increased during ladder passage when DT exceed
0.0�C.

Caudill et al. (2013) analyzed the effect of DT on
passage time through the ladders, and after account-
ing for the variation in ladder passage time affected
by other covariates, showed that passage time
increased significantly as DT increased in the ladders
at Ice Harbor and Lower Granite dams. Conse-
quently, increases in DT could increase travel time
from Ice Harbor Dam tailrace to Lower Granite Dam
forebay, which highlights the potential for excess
energy expenditure and unsuccessful migration. As
per the suggestion of Caudill et al. (2013) and efforts
of managers, cooler water was directed into the top-
of-ladder exit pools to remedy the problem with high
DT.

Before moving on to the analyses of the PIT-tag
data intended to compliment the radiotelemetry
research, two additional telemetry studies are briefly
reviewed here. Mann (2007) established that external
and internal temperatures measured on the fish were
nearly identical and highly correlated (e.g., r2 D 0.97),
and Mann (2007) and Keefer and Caudill (2015)
showed that temperatures recorded by temperature
loggers on a given fish were highly correlated with
temperature exposure indices calculated from temper-
ature data collected at the dams during fish passage.
These findings were important because they showed
that the mean temperature calculated over the elapsed
time between passage at a downstream dam and the
next upstream dam could be used to generally charac-
terize the thermal experience of a given PIT-tagged
fish.

Upstream movement behavior of PIT-tagged adults
returning during 2010–2015 showed similar results to
those of radiotelemetry studies. Travel time and
upstream movement rates of PIT-tagged adults were
calculated by subtracting the first detection date at a
given downstream dam (e.g., Bonneville) from the
last detection date at a given upstream dam (e.g.,
McNary Dam), with the exception of Lower Granite
Dam in some instances. If a fish was trapped at
Lower Granite Dam and hauled to Lyons Ferry
Hatchery for brood stock, then the first detection
date, not the last, of that fish at Lower Granite Dam
was used to calculate passage date distributions, travel
time, and upstream movement rate.

Despite high water temperature (e.g., Figure 3), the
PIT-tagged adults typically traversed the 460-km
channel distance between Bonneville and Lower

Figure 8. Relation between the percent of presumed upriver
bright fall Chinook salmon adults that used cool water
tributaries for more than 12 h along the lower stretch of the
river system and mean weekly water temperatures at Bonne-
ville Dam. Circles represent 52 weekly bins (mean 41 fish/bin;
range 4‒122 fish/bin). The curve is the exponential regression
line that best fits the data (r2 D 0.80; P � 0.0001; percent D
6.558‒7e0.802xtemperature). The figure originally published in
Goniea et al. (2006) was provided for use by the editorial
staff of Transactions of American Fisheries Society. The font
was modified and color added.
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Granite dams in about three weeks or less (Figure 9).
For example, the 75th percentiles in the travel time
distributions for PIT-tagged adults were 14.2 d in
2010, 16.1 d in 2011, 14.0 d in 2012, 21.0 d in 2013,
13.0 d in 2014, and 16.7 d in 2015. Some fish took
upwards of a month or more to make the 460-km
journey.

Within a year, the PIT-tagged adults consistently
slowed their rate of upstream movement after they
entered the middle stretch of the river system
(Figure 10). Behavioral thermoregulation near Lyons

Ferry Hatchery and the Palouse River mouth, com-
bined with slow passage due to DT that intensified as
the fish passed from Ice Harbor to Lower Granite
Dam are plausible explanations for that decrease in
upstream movement rate.

Other analyses of the PIT-tag data tended to sup-
port the findings from the radiotelemetry studies
described above. Keefer et al. (2004) and Goniea et al.
(2006) brought out the difficulty of understanding the
factors for the variation in upstream movement rates
of individual fish, which was also the case with the
PIT-tag data analyzed for this review. For example,
the r2 values for annual regression models fitted from
temperature data collected on individual fish were all
small because there was no clear relation between
temperature and upstream movement rate (Figure 11;
2010‒2015 r2 range 0.002 to 0.04). An inverse rela-
tion between temperature and inter-annual variation
in upstream movement rate was observed after

Figure 9. Travel time distributions (2010‒2015) for PIT-tagged,
hatchery-origin fall Chinook salmon adults that swam from Bon-
neville Dam to Lower Granite Dam. The lower whisker is the
2.5th percentile, the bottom of the box is the 25th percentile, the
horizontal line in the box is the median, the circle in the box is
the mean, the upper end of the box is the 75th percentile and
the top whisker is the 97.5th percentile. The numbers above the
97th percentile are the sample sizes.

Figure 10. Upstream movement rate (km/d) distributions (2010‒
2015) calculated for PIT-tagged, hatchery-origin fall Chinook
salmon adults that swam from Bonneville Dam to McNary Dam
(BONMCN), McNary Dam to Ice Harbor Dam (MCNICH), and Ice
Harbor Dam to Lower Granite Dam (ICHLGR). The lower whisker
is the 2.5th percentile, the bottom of the box is the 25th percen-
tile, the horizontal line in the box is the median, the circle in the
box is the mean, the upper end of the box is the 75th percentile
and the top whisker is the 97.5th percentile. The numbers above
the 97th percentile are the sample sizes.

Figure 11. Upstream movement rates (km/d) of PIT-tagged,
hatchery-origin fall Chinook salmon adults that swam from Bon-
neville Dam to McNary Dam plotted against the mean tempera-
ture measured in the tailrace of McNary Dam for each fish
between detection at the two dams during 2010‒2015. Annual
sample sizes are given in Figure 10.

Figure 12. The relation between the annual mean upstream
movement rate (km/d) and annual mean temperature calculated
from the data in Figure 11.
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aggregating the data (Figure 12). Notably, the analysis
on the aggregated data oversimplified the cause-and-
effect relation and exaggerated the amount of varia-
tion that is actually explained at the level of the indi-
vidual fish.

One recent analysis is mentioned here to close this
subsection of the review. Bond et al. (2016) used
quantile regression to evaluate the factors for varia-
tion in travel time of PIT-tagged, hatchery-origin fall
Chinook salmon from Bonneville Dam to Lower
Granite Dam during 2002‒2011. Quantile regression
analyzes data that are arguably aggregated, but the
aggregates are broad and include observations of
travel times within a selected range of percentiles
opposed to single observations of annual means or
medians. Specifically, the quantile regression model
fitted by Bond et al. (2016) focused on the relation
between the groups of fish surrounding the 10th (i.e.,
the fastest), 50th (i.e., the median), and 90th (i.e. the
slowest) percentile travel times observed at each tem-
perature the fish were exposed to during migration.
Bond et al. (2016) reported that temperature did not
have a significant effect on travel time for the 10th
and 50th percentile groups of fish, whereas increasing
temperature was associated with a decrease in travel
time of the 90th percentile group that included the
slowest migrants that made up 10% of the fish in
each temperature grouping. It is pointed out here that
the majority of the PIT-tagged fish were not slow
migrants, and there was considerable variability in
travel time at a given temperature among individual
fish that formed the percentile groupings (e.g.,
Figure 11).

Migration success

Based on radiotelemetry studies
Estimating survival of Chinook salmon adults as they
pass upstream along the Columbia and Snake rivers is a
complicated task and researchers continue to contend
with the inherent problems and search for solutions (see
review by Dauble and Mueller, 2000). The detection rate
of a group of tagged fish between two points is an estab-
lished proxy for a minimum survival rate and it is
referred to as migration success. The primary goal of
migration success analyses is to understand the behav-
ioral and environmental factors that determine whether
or not a given fish will be a successful migrant. Radio-
telemetry data sets for evaluating migration success are
typically made up of fish that were tagged at Bonneville
Dam, escaped harvest, and were then detected passing
McNary Dam before they proceeded to swim to points
upstream.

Analyzing the same radiotelemetry data set as Goniea
et al. (2006), Caudill et al. (2007) explored the effect of
travel times from Bonneville Dam to McNary Dam on
migration success from McNary Dam to points
upstream. Fish that swam fromMcNary Dam to a poten-
tial spawning location (e.g., the Hanford Reach or hatch-
eries) were classified as successful migrants. Adults for
which natal location and likely upstream spawning loca-
tion were determined, were considered to be successful
migrants even if the fish was last tracked to non-natal
spawning locations (i.e., the fish strayed). Fish classified
as unsuccessful migrants were not tracked to a spawning
location and their final fate was not known. Fish har-
vested in sport fisheries upstream of McNary Reservoir
downstream of the Lower Snake River mouth, and along
the Hanford Reach, were not included in the analyses.

Caudill et al. (2007) reported that unsuccessful
migrants had longer travel times from Bonneville
Dam to McNary Dam compared to successful
migrants. The differences in travel times were gener-
ally small in most years (<1 d in 1998, P > 0.05; �
2 d in 2000, P D 0.06; � 4 d in 2001, P < 0.05; < 1
d in 2002 and 2003, both P values > 0.05). Pooled
across years, mean travel time was significantly (P D
0.02) longer for unsuccessful migrants compared to
successful migrants. Caudill et al. (2007) concluded
that the majority of adults passed the dams rapidly
and successfully reached spawning locations, and gen-
erally, fish that did not reach spawning locations were
the slower migrants.

Mann (2007) completed another of the series of
studies that began in 1998 and contributed to the
understanding of migration success. One of the objec-
tives of Mann (2007) was to analyze the effects of the
temperature exposures on migration success in the
middle stretch of the river system. Adult fall Chinook
were fitted with a combination of radio tags, exter-
nally-mounted temperature recorders, and internal
temperature tags at Ice Harbor Dam. The daily mean
temperature each fish was exposed to between Ice
Harbor and Lower Granite dams was determined. If a
daily mean temperature was greater than 20�C, a
value of 20 was subtracted from that mean to obtain
a daily difference. The daily differences were summed
to calculate degree days above 20�C (hereafter,
DD>20) for a given fish.

The results of Mann (2007) comported with those of
Goniea et al. (2006). The fish with comparatively lower
temperature exposures typically exhibited behavioral
thermoregulation by holding in� 11�C water discharged
from Lyons Ferry Hatchery. Fish that did not escape to a
spawning tributary tended to experience warmer temper-
atures than fish that did escape to a spawning tributary.
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Those findings prompted Mann (2007) to conclude:
“warm but sub-lethal water temperatures experienced by
anadromous salmonids during migration in the mainstem
Snake River may have an indirect or delayed effect on
survival.”

Based on analysis of PIT-tag data
Two presently unanswered questions that resonate in the
migration success analyses conducted with radioteleme-
try data are “What are the primary factors for migration
success, and what are the final fates of unsuccessful
migrants?” Those questions are explored in this section
of the review by analyzing the data collected on the PIT-
tagged adults during 2010‒2015. In contrast to Caudill et
al. (2007), the PIT-tagged adults that strayed were classi-
fied as unsuccessful migrants in the following analyses.

Migration success from Bonneville Dam to McNary
Dam. Migration success of the PIT-tagged adults in the
lower stretch of the river system measured between Bon-
neville and McNary dams averaged (§ SE) 70.3 § 2.1%
during 2010‒2015. The majority of the PIT-tagged adults
that did not migrate successfully from Bonneville Dam to
McNary Dam were rightfully harvested by Columbia
River tribes as part of treaty fisheries implemented under
the aforementioned voluntary abundance-based harvest
schedule. It can also be surmised that some portion of
the unsuccessful migrants died as the result of injury
attributable to marine mammal bites (e.g., Fryer, 1998)
or predation, gill net or angling wounds (e.g., Chopin
and Arimoto, 1995), or injury from dam passage (e.g.,
Wagner and Hillson, 1993). Additionally, some of the
unsuccessful migrants probably strayed permanently to
non-natal locations downstream of McNary Dam.

Bond et al. (2016) evaluated straying of PIT-tagged,
hatchery-origin fall Chinook salmon from the Snake
River basin that returned during 2002–2011. Of the

24,533 PIT-tagged adults detected at Bonneville Dam,
18,463 had adult detection histories that were adequate
for determining if any of the PIT-tagged adults strayed
downstream of the Lower Snake River mouth. A total of
152 (0.8%) of the fish with adult detection histories per-
manently strayed in the lower stretch of the river system,
of which 139 strayed into the Deschutes River (Figure 1).
Bond et al. (2016) applied logistic regression to the data
and found that the probability of a fish straying increased
as temperature increased.

Migration success from McNary Dam to Lower Granite
Dam. Across the years 2010‒2015, 93.4% of the PIT-
tagged adults that were detected at both Bonneville and
McNary dams then successfully migrated to Lower
Granite Dam, whereas the remaining 6.6% were consid-
ered to be unsuccessful migrants (Table 4). Temperature
measured at Ice Harbor Dam explained 53% of the inter-
annual variation in migration success rate, which

Table 4. Mean travel times of PIT-tagged, hatchery-origin fall Chinook salmon adults from Bonneville Dam to McNary Dam for fish that
were and were not detected at Lower Granite Dam (i.e., successful [S] and unsuccessful [U] migrants). Fisher’s test for honestly signifi-
cant differences showed that every annual mean travel time (loge transformed) of successful migrants was significantly (P < 0.05)
shorter than the corresponding annual mean travel time of unsuccessful migrants. Results of logistic regression models fitted separately
by year and jointly across years (All) to predict g(x) and calculate the probability of success Pi (set at 0.5; Pi D eg(x) / 1 C eg(x)) of individ-
ual fish from their travel times are given. The percentage of the known unsuccessful and successful migrants that were predicted to be
successful by those models is also given.

S U Mean travel time (§SD) Models for predicting g(x) Predicted S (%)

Year N n % n % S U P bo § SE P b1 § SE P S U

2010 2,398 2,299 95.9% 99 4.1% 6.3 § 2.9 12.0§ 14.3 < 0.0001 4.01§ 0.16 < 0.0001 -0.11 § 0.02 < 0.0001 99.9 91.9
2011 1,308 1,227 93.8% 81 6.2% 6.5 § 2.6 10.9§ 11.9 < 0.0001 3.79§ 0.25 < 0.0001 -0.14 § 0.03 < 0.0001 99.9 93.8
2012 2,316 2,164 93.4% 152 6.6% 6.1 § 2.9 12.5§ 14.2 < 0.0001 3.58§ 0.14 < 0.0001 -0.12 § 0.01 < 0.0001 99.5 90.1
2013 3,183 2,852 89.6% 331 10.4% 8.2 § 5.1 10.5§ 9.1 < 0.0001 2.62§ 0.10 < 0.0001 -0.05 § 0.01 < 0.0001 100.0 98.5
2014 2,642 2,494 94.4% 148 5.6% 6.1 § 2.7 9.8 § 10.8 < 0.0001 3.63§ 0.15 < 0.0001 -0.11 § 0.02 < 0.0001 100.0 93.9
2015 1,377 1,311 95.2% 66 4.8% 6.7 § 3.2 11.3§ 11.4 < 0.0001 3.88§ 0.21 < 0.0001 -0.11 § 0.02 < 0.0001 100.0 92.4
All 13,224 12,347 93.4% 877 6.6% 6.7 § 0.9 11.2§ 2.0

Figure 13. The relation between the annual percentages of the
PIT-tagged, hatchery-origin fall Chinook salmon adults that
migrated successfully between McNary and Lower Granite dams,
and the annual mean temperature measured in the tailrace of Ice
Harbor Dam from 12-Aug to 14-Sep, 2010‒2015.
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declined as temperature increased (Figure 13). Successful
migrants to Lower Granite Dam traveled between Bon-
neville and McNary dams in an average (§SD) of 6.7 §
0.9 d while unsuccessful migrants took almost twice as
long (11.2 § 2.0 d; Table 4). Within-year comparisons
showed that every annual mean travel time of successful
migrants was shorter than the corresponding annual
mean travel time of unsuccessful migrants (Table 4).

Travel time between Bonneville and McNary dams
was also related to the probability of a PIT-tagged adult
successfully migrating from McNary to Lower Granite
Dam. The probability of successful migration to Lower
Granite Dam was inversely related to travel time, but
each annual model predicted that over 90% of the unsuc-
cessful migrants should have been successful migrants
(Table 4). Classification inaccuracy could not be reduced
substantially by varying the cutoff probability for
migrants classified as being successful, and was caused
by the nearly complete overlap in the right-skewed,
travel time frequency distributions of successful and
unsuccessful migrants. The primary difference between
the distributions was the length of the right tail
(Figure 14).

The final fate of PIT-tagged adults that did not suc-
cessfully migrate to Lower Granite Dam during 2010‒
2015 was categorized as follows. Fish that were last
detected downstream of McNary Dam were categorized

as permanent fallbacks. Fish that were last detected along
the Lower Snake River from Ice Harbor Dam to Little
Goose Dam including tributaries and Lyons Ferry
Hatchery (not including fish trapped at Lower Granite
Dam) but failed to home to their riverine release points
upstream of Lower Granite Reservoir were categorized as
“undershoots.” Fish that presumably passed McNary
Dam, but were never detected at Snake River dams, were
categorized as strays.

Permanent fallbacks made up very small percen-
tages of the PIT-tagged adults that passed McNary
Dam, but were not successful migrants to Lower
Granite Dam (Figure 15). Across the 6 years, the
majority (46.2%) of the permanent fallbacks were last
detected in the Umatilla River (Figure 1). The Uma-
tilla River once supported spawning of upriver bright
fall Chinook salmon, is the present location of a fall
Chinook salmon hatchery (ODFW, 2005), and some
fish likely spawn in the river rather than in the hatch-
ery as is commonly observed in the vicinity of hatch-
eries. The remainder was last detected as fallbacks in
the juvenile fish passage facility at McNary Dam
(30.8%), in the Deschutes River (7.7%; that supports
spawning of upriver bright fall Chinook salmon;
Myers et al. 1998), and as fallbacks in the juvenile

Figure 14. Travel time distributions (across 2010‒2015) calcu-
lated for PIT-tagged, hatchery-origin fall Chinook salmon adults
that swam upstream from Bonneville Dam to McNary Dam, and
were subsequently detected or not detected at Lower Granite
Dam (i.e., successful panel A and unsuccessful migrants panel B).

Figure 15. Pie charts showing the annual percentages (2010‒
2015; charts A‒F, respectively) of the PIT-tagged, hatchery-origin
fall Chinook salmon adults that did not migrate successfully from
McNary to Lower Granite Dam (N D 877), but were last detected
as permanent fallbacks downstream of McNary Dam, as mid-
Columbia strays between McNary and Priest Rapids dams, as
undershoots between Ice Harbor and Little Goose dams, or as
upper Columbia strays at dams, within tributaries, or at hatcher-
ies upstream of the Lower Snake River mouth.
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fish facilities at John Day Dam (7.7%) and Bonneville
Dam (7.7%).

In all 6 years, the majority of the fish that did not
migrate successfully from McNary Dam to Lower Gran-
ite Dam were undershoots (Figure 15). Of the under-
shoots, 74.7% was last detected in the fish ladders of Ice
Harbor Dam. The remaining 25.3% of the fish was
detected in the Lower Monumental Dam fish ladder
(6.0%), Little Goose Dam fish ladder (11.5%), as fallbacks
in the juvenile fish passage facilities at Lower Monumen-
tal (2.5%) and Little Goose (1.8%) dams, the Tucannon
River (2.3%) where fall Chinook salmon spawn (Schon-
ing 1947), and Lyons Ferry Hatchery (1.2%) where fall
Chinook salmon are spawned.

Straying into the mid-Columbia River and Upper
Columbia River was the second most prevalent final fate
of the PIT-tagged adults that did not migrate successfully
from McNary Dam to Lower Granite Dam (Figure 15).
The PIT-tag monitoring systems where the strays were
last detected were in the vicinity of known spawning
areas or at hatcheries. It is probable that many of the
strays, both PIT-tagged and non-tagged from the popu-
lation of strays as a whole, spawned in the Hanford
Reach or entered Priest Rapids Hatchery. In support of
that conclusion it is noted that: (1) adults that pass the
Snake River mouth have unimpeded access to those sites;
and (2) the spawning population in the Hanford Reach
is large (Huntington et al., 1996), and spawning fall Chi-
nook salmon attract other fish that have yet to spawn
(Groves et al., 2013). Thus, it is likely that an
unknown—but large—number of the unsuccessful
migrants during 2010–2015 halted their migration in the
Hanford Reach.

The results presented in this section suggest that a
large percentage of the 877 unsuccessful PIT-tagged

migrants were strays that successfully swam to a final
destination where they had the opportunity to spawn.
That proposal is consistent with the conclusions of
Mendel et al. (1992, 1993) and Mendel and Milks (1997)
who conducted the earliest radiotelemetry studies on fall
Chinook salmon passing upstream through the Lower
Snake River reservoirs. Moreover, the 6.6% figure for the
unsuccessful PIT-tagged migrants (Table 4) aligns closely
with the overall stray rate of 4.2% reported by Caudill et
al. (2007) who was able to radio track fish to spawning
locations upstream of McNary Dam. Large percentages
of unsuccessful migrants were classified as strays and the
percentage of those fish known with certainty to have
strayed into the upper Columbia River were directly pro-
portional to temperature measured at Ice Harbor Dam
(Figure 16). Consistent with Bond et al. (2016), it can be
concluded that homing increases as temperature at the
Lower Snake River mouth decreases, or conversely, that
straying increases as temperature at the Snake River
mouth increases.

Spawning behavior, timing, and success

This section covers four objectives including the descrip-
tion of:
(1) pre-spawning movement;
(2) spawning behavior;
(3) spawning timing and
(4) spawning success.

Pre-spawning movement

Connor and Garcia (2006) provided the most detailed
published information on movement up to the time
of spawning initiation by fall Chinook salmon adults
in the upper stretch of the river system. Natural-ori-
gin (females, n D 4; males n D 5) and hatchery-origin
(females, n D 27) adults were captured in the Lower
Granite Dam ladder during 1998, 1999, and 2001 all
of which had been PIT tagged as juveniles as they
reared, or were released, in the Upper or Lower Hells
Canyon spawning areas. The above 36 adults were
radio tagged, and then tracked an average of 15
observations per fish from Lower Granite Dam to
spawning sites using a combination of fixed stations
and mobile tracking. Of the 36 radio-tagged fish, 29
spawned in the Upper Hells Canyon spawning area,
and 7 spawned in the Lower Hells Canyon spawning
area upstream of the Grande Ronde River.

The fish did not swim directly to spawning sites and
initiate spawning. A migratory phase was observed that
consisted of consecutive detections made in an upstream
direction from Lower Granite Dam (Figure 17). The fish

Figure 16. The relation between the annual (2010‒2015) percen-
tages of the PIT-tagged, hatchery-origin fall Chinook salmon
adults that were identified as upper Columbia strays (Figure 15)
and annual mean temperature measured in the tailrace of Ice
Harbor Dam from 12-Aug to 14-Sep, 2010‒2015.
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typically made a transition from the migratory phase to a
search phase after natural-origin adults passed their
known natal rearing areas, and hatchery-origin adults
passed the known locations where they were released as
Age-0 juveniles (Figure 17). The search phase was com-
monly characterized by a series of downstream and
upstream excursions ending with spawning initiation
(Figure 17).

The fish spent considerable time, and covered rela-
tively long swimming distances, prior to spawning initia-
tion. The median travel time between release at Lower
Granite Dam and spawning initiation was 45 d for fish
that spawned along the Upper Hells Canyon spawning
area, and 39 d for fish that spawned along the Lower
Hells Canyon spawning area. Travel time from Lower
Granite Dam to spawning initiation was inversely

Figure 17. Examples of detection plots for natural-origin male
(panel A), natural-origin female (panel B), and hatchery-origin
female (panel C) fall Chinook salmon adults including the migra-
tory phase, transition date and location, search phase, spawning
site selection, and detections made after spawning site selection.
The arrows next to y axis show the river km where the adults
were released as Age-0 juveniles. The figure originally published
in Connor and Garcia (2006) was provided for use by the editorial
staff of Transactions of American Fisheries Society. The font was
modified and color added.

Figure 18. The relation between travel time (d) from Lower Gran-
ite Dam to spawning site selection and day of the initiation of
redd construction along the Upper and Lower Hells Canyon
spawning areas combined and passage day of year (01/01 D 1)
at the dam for radio-tagged fall Chinook salmon adults, 1998,
2000, and 2001. The data for the regression were collected by
Connor and Garcia (2006).

Figure 19. An overhead example of a spawning site located
along the Upper Hells Canyon spawning area including spawning
substrate distribution (e.g., Figure 20), channel bathymetry, redd
locations, and a sampling transect where depth, velocity, and
substrate were measured to quantify spawning habitat. The
figure originally published in Connor et al. (2001) was provided
for use by the editorial staff of Northwest Science. The font was
modified and color added.
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proportional to passage day of year at the dam
(Figure 18). Therefore, spawning date generally became
later as passage date became later. The net channel dis-
tances to the most frequently and heavily used spawning
sites along the Upper and Lower Hells Canyon spawning
areas after entering the upper section are 100.7 km and
32.8 km, respectively (Figure 2). The median total distan-
ces fish swam in the upper section were 330.2 km and
94.7 km for the radio-tagged fish that spawned in Upper
or Lower Hells Canyon, respectively. The extra swim-
ming distance (i.e., > 100.7 km or 32.8 km) was accrued
during the downstream and upstream excursions of the
search phase.

Spawning behavior

The Master Fish Warden of Oregon at the turn of the
20th century (Reed, 1901) made some of the earliest
observations on spawning behavior, timing, and habitat
of fall Chinook salmon.

“Those [fish] that have been so fortunate as to run the
gauntlet and escape the many devices used to capture
them, and have arrived in the vicinity of their spawning
grounds, seem to enjoy the rest after their long and peril-
ous journey from the sea by lying in the deep, shady pools
along the streams for the greater part of the day, and as
night approaches, if they have not yet reached the place
where they first saw the light of day, they will move on up
the stream, passing over rapids where the current is very
strong, with apparently little exertion till they have
reached the next pool, and so on from day to day until
they find the desired spot and are ready to deposit their
eggs. When this time comes they may be seen in pairs,
male and female, going from the pools into shallow water,
say from one to two feet deep, where the current runs
from six to eight miles an hour over a good, gravelly bot-
tom, where each pair chooses their beds, so termed, and
begin spawning. In this process the female turns on its
side, and while making several vigorous strokes with her
tail, deposits from twenty-five to fifty eggs. The strokes
with the tail are made for the purpose of loosening the
gravel so that when the eggs reach the bottom the greater
part of them may be covered up with the moving gravel.
When the female has performed this operation, the male,
if he is not chasing trout away, goes over the bed and
deposits the milt which, coming in contact with the eggs,
fertilizes them.

This performance is repeated at intervals of from ten to
twenty minutes, until the female has deposited all her
eggs (the average number being about five thousand), the
time required to deposit them being from three to four
days.

The holes in the gravel (or nests as some call them) are
formed by the movement of the salmon tail, and are not

dug or rooted out with the nose as some writers have
claimed.”

Spawning behavior is entwined with habitat selection
as redd construction is essentially a behavioral response
to the habitat into which the eggs are laid and fertilized.
Redds are constructed in distinct patches of substrate
that are partially or wholly submerged under water (e.g.,

Figure 20. Frequency distribution of combined dominant (left)
and subdominant (right) substrate types observed at fall Chinook
salmon redds in the Upper and Lower Hells Canyon spawning
areas, 1993‒1995. The figure originally published in Groves and
Chandler (1999) was provided for use by the editorial staff of
Transactions of the American Fisheries Society. The font was
modified and color added.

Figure 21. Frequency distribution of water depths measured at
fall Chinook salmon redds in the Upper and Lower Hells Canyon
spawning areas, 1993‒1995. Reproduced from Groves and Chan-
dler (1999) with permission from the American Fisheries Society.
The font was changed and color added.
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Figure 19). Groves and Chandler (1999) visually assessed
substrate composition and measured depth, mean water
column velocity, and substrate-level velocity at 112, 205,
145, and 164 redds, respectively, located within the
Upper and Lower Hells Canyon spawning areas. The
majority of redds (77%) were excavated in medium-to
large-sized gravel (Figure 20). Water depth over the
redds ranged from 0.5 m to 6.5 m with mode of 2.0 m
(Figure 21). The range of mean water column and sub-
strate-level velocities overlapped, whereas the modal
mean water column velocity was higher than the modal
substrate level velocity that was likely experienced by the
fish (Figure 22).

Geist and Dauble (1998) moved the understanding
of spawning habitat use beyond the fundamental, sub-
strate-depth-velocity paradigm by developing a con-
ceptual spawning habitat model for upriver bright fall
Chinook salmon in the Hanford Reach of the Colum-
bia River. The model described how geomorphic

features of river channels affect hydraulic processes,
and how those processes influence where the fish
spawn in large rivers. Some of the key points brought
out by Geist and Dauble (1998) are summarized
hereafter.

The hyporheic zone is the subsurface portion of
the substrate within habitats such as the upstream
end of riffles and gravels bars where groundwater and
surface water mix (Figure 23). Downwelling occurs
when surface water enters the hyporheic zone of the
substrate, whereas upwelling occurs when water ree-
merges from the hyporheic zone. The proportion of
surface and groundwater in the hyporheic zone is
dependent on discharge, groundwater quantity, and
the time of year. Runoff and velocity are high during
the spring and surface water forced into the hypo-
rheic zone makes up the largest portion of subsurface
flow, whereas during periods of low flow groundwater
dominates within the hyporheic zone (Geist and
Dauble, 1998). In short, field data and literature pub-
lished after the conceptual model was developed, sup-
ported the spawning habitat model and showed how
the geomorphic features of the riverbed could help
prevent the percentage of fine substrates (hereafter,
percent fines) from becoming high enough to
completely embed the incubation environment, while
insuring that incubating embryos were supplied with
oxygenated water (Geist and Dauble, 1998; Geist,
2000; Geist et al., 2000b, 2002).

Spawning timing

Because the eggs are laid and fertilized in the last
stages of redd digging, and the redd can be

Figure 22. Frequency distribution of mean water column (panel
A) and substrate-level (panel B) velocities measured at fall Chi-
nook salmon redds in the Upper and Lower Hells Canyon spawn-
ing areas, 1993‒1995. Reproduced from Groves and Chandler
(1999) with permission from the American Fisheries Society. The
font was changed and color added.

Figure 23. The post-spawn incubation environment according
to the conceptual model of Geist and Dauble (1998) including
downwelling (A) and upwelling (B) of surface water (i.e., river
water), and ground water inflow (C). Not drawn to scale. The
figure of the fish digging the redd was adapted from Burner
(1951) with permission of the National Oceanic and Atmo-
spheric Administration. The font was changed and color
added.

REVIEWS IN FISHERIES SCIENCE & AQUACULTURE 19



distinguished from the surrounding substrates due to
the disturbance caused by the digging, spawn timing
in the wild is determined based on frequency distri-
butions of redd counts. Fish from the population
spawn in the fall with some temporal variation
between sub-watersheds and among spawning areas
(Figure 6). With regard to the primary spawning
areas where the majority of production occurs, fish
begin to spawn earlier in the Clearwater River lower
reach compared to fish in the Upper and Lower Hells
Canyon spawning areas (Figure 6).

Spawning success

Spawning success is measured in this review as sur-
vival between the time the adults pass Lower Granite
Dam and the fry produced by spawning emerge from
the gravel. Spawning success is directly determined by
the level of pre-spawning mortality in the adults com-
bined with embryo loss caused by the thermal history
of the female parent, initial incubation temperature,
and substrate composition.

Pre-spawning mortality
Bowerman et al. (2016) reviewed the literature on pre-
spawning mortality of the anadromous species from the
genus Oncorhynchus and defined pre-spawning mortality
as the mortality observed after the adults reach the
spawning grounds but before the eggs and milt are suc-
cessfully released. The review covered methods used to

estimate pre-spawning mortality including escapement-
based estimates (1 – number of redds counted/female
escapement x 100), and examining egg retention (num-
ber of eggs/expected fecundity) in female carcasses.
Bowerman et al. (2016) suggested that pre-spawning
mortality increased as the time in freshwater and dis-
tance migrated to the spawning grounds increased sup-
porting a link between energy expenditure over time and
space and death. More in-depth material on this topic is
presented later in the review.

Table 5. Embryo loss (%) from fertilization to button up (equivalent to fry emergence in the wild) and degree days above 20�C (DD>20)
measured on female fall Chinook salmon fitted with temperature loggers at Ice Harbor Dam, trapped at Lower Granite Dam, and
spawned at either Lyons Ferry or Nez Perce Tribal hatcheries during 2004 (from Mann, 2007). To calculate DD>20 in the middle stretch
of the river system (i.e., observed), the daily mean temperature each fish was exposed to between Ice Harbor and Lower Granite dams
was determined. If a daily mean temperature was greater than 20�C, 20 was subtracted from that mean to obtain a daily difference.
The daily differences were summed to calculate DD>20 in the middle stretch. Bonneville Dam passage dates and DD>20 in the lower
stretch of the river system were simulated (Eq. 14; Table A1) to provide data for fitting Eq. 15 (Table A1) that predicted embryo mortal-
ity from a spatially-extended value of DD>20.

Passage date DD>20

Tag code Egg batch Bonneville (simulated) Ice Harbor (observed) Lower stretch (simulated) Middle stretch (observed) Total Embryo loss

2465 3051 18-Sep 28-Sep 0.00 0.00 0.00 2.5
25180 4245 20-Sep 30-Sep 0.00 0.00 0.00 2.2
25144 4378 12-Sep 21-Sep 0.00 0.00 0.00 2.7
25155 5087 12-Sep 21-Sep 0.00 0.00 0.00 2.8
25133 4095 01-Sep 09-Sep 2.52 0.04 2.56 1.4
25176 3028 25-Aug 02-Sep 5.08 0.71 5.79 1.4
25106 2095 24-Aug 01-Sep 5.77 0.94 6.71 1.7
25127 3129 24-Aug 01-Sep 5.77 1.04 6.81 1.9
25206 2013 24-Aug 01-Sep 5.77 1.42 7.19 3.4
2086 3002 23-Aug 31-Aug 6.51 1.54 8.05 1.5
25150 2137 22-Aug 30-Aug 7.68 2.40 10.08 9.0
25105 5031 19-Aug 26-Aug 12.80 3.91 16.71 8.3
2060 2145 18-Aug 25-Aug 14.30 4.15 18.45 3.8
2055 4036 19-Aug 26-Aug 12.80 6.94 19.74 5.9
25162a 3007 07-Sep 16-Sep 0.00 0.00 0.00 19.8

aOutlier removed from regression analysis.

Figure 24. The relation between degree days above 20�C
(DD>20) calculated for the female parent and embryo loss mea-
sured from spawning to the button-up stage (equivalent to fry
emergence in the wild). The equation was fitted by Mann (2007).
The untransformed data are given in Table 5 (x D DD>20 in the
middle stretch of the river system; y D observed embryo loss).
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The thermal history of the female parent
Mann (2007) conducted an innovative but limited
study on embryo loss affected by the thermal histories
of the females he had radio tagged at Ice Harbor
Dam. A subsample of those radio-tagged females was
subsequently trapped at Lower Granite Dam, taken to
hatcheries, held at � 11 to 12�C, and spawned.
Embryo loss (%) was monitored through the button-
up stage (equivalent to fry emergence in the wild). Of
the females studied, 15 had been fitted with tempera-
ture loggers. Their thermal exposures from Ice Har-
bor Dam to Lower Granite Dam were measured in
terms of DD>20 (Table 5). Mann (2007) removed
one outlier (tag 25162; Table 5), 2.5th root trans-
formed DD>20, and 6th root transformed embryo
loss (%). He then fitted a regression equation to test
the relation between DD>20 and embryo loss (%).
Transformed DD>20 was directly proportional to
embryo loss and explained 32% of the variation in
embryo loss (Figure 24).

Initial incubation temperature
The ability to duplicate exposure to the warmest temper-
atures observed during redd construction and egg laying
has eluded researchers in the laboratory. Although fall
Chinook salmon adults can survive at temperatures
above 20�C in the wild, they are extremely sensitive to
handling and holding in captivity at such temperatures.
Trapping and hauling incoming adults at temperatures
close to 20�C, and then holding them in captivity at
warm temperatures as they matured, would most cer-
tainly kill an unacceptable number of the fish (e.g., see
the historical review by Connor et al. (2016) and the lab-
oratory study by Geist et al. (2000a).

Geist et al. (2006) avoided high levels of tempera-
ture-related handling mortality by obtaining eggs and
milt at Lyons Ferry Hatchery, fertilizing the eggs at �
12�C, and then assigning the gametes to replicated,
initial incubation temperature treatments (13.0�C,
15.0�C, 16.0�C, 16.5�C, and 17.0�C). Dissolved oxygen
in the 13.0�C and 17.0�C treatment replicates was
held at saturation, whereas the remaining three treat-
ment replicates were subdivided and held at oxygen
levels of 4 mg/L, 6 mg/L, 8 mg/L, and saturation. The
apparatus that produced each temperature treatment
was programmed to drop the temperature by approxi-
mately 0.2�C /d for 40 d, while increasing the dis-
solved oxygen level by 2 mg/L/d starting 16 d post
fertilization. The 40-d temperatures were selected to
span the range of the 1991–2003 inter-annual mean
temperatures in the Upper Hells Canyon spawning
area, and the 4 mg/L oxygen treatment represented
the lowest level observed at a spawning site located

within that spawning area. After 40 days, the temper-
atures were equilibrated among the treatments to
match the 2001 drought year temperatures.

Mean (§ SD) survival from fertilization to emergence
calculated across the three coolest temperature treat-
ments and the corresponding oxygen treatments was
92.8 § 4.4% compared to 93.1 § 1.4% for fish in the
16.5�C treatment and 1.7 § 1.6% for fish in the 17.0�C
treatment. Geist et al. (2006) concluded that exposure to
water temperatures up to 16.5�C would not have delete-
rious effects on survival or growth from egg to emer-
gence if temperatures decline at a rate of 0.2�C /d or
more after spawning and dissolved oxygen levels remain
above 4 mg/L.

There are two noteworthy aspects of the Geist et al.
(2006) results. The first is that the high level of mortality
(i.e., 98.3%) observed in the 17.0�C treatment, which had
a 17.0�C starting temperature and then declined by
0.2�C per day, resulted from the embryos being exposed
to only 0.9 degree days above 16.5�C (i.e., 17.0-16.5 C
16.8-16.5C 16.6-16.5; hereafter DD>16.5). In other
words, embryo survival decreased by 10.9 percentage
points for every 0.1 �C increase in DD>16.5. Secondly, it
was possible that embryo loss would have been higher in
the warmer temperature treatments had the fish been
spawned and the eggs fertilized at the treatment
temperatures.

Substrate composition
Substrate composition expressed as percent fines is not
generally considered a determinant of temperature-
related spawning success. Substrate composition is
important to cover in this review because embryo loss
under typical levels of percent fines is high (� 70% from
Healey, 1991; but see McMichael et al., 2005 for lower
values). To measure percent fines, Arnsberg et al. (1992)
built an enlarged tri-tube freeze core sampler (Everest et
al., 1980) that was capable of extracting large substrate
cores from the river bed. Between 1990 and 2001, those
researchers extracted cores from spawning sites within
the Clearwater lower reach, Imnaha lower reach, Salmon
lower reach, Clearwater upper reach, South Fork Clear-
water lower reach, Middle Fork Clearwater, and Selway
lower reach. The particle sizes of the core samples were
determined, but substrate composition was not statisti-
cally related to embryo loss.

Bennett et al. (2003) equipped SCUBA divers with a
dome suction sampler (Gale et al., 1975) to collect sub-
strate samples at four known spawning sites along the
Upper Hells Canyon spawning area and three spawning
sites along the Lower Hells Canyon spawning area. In
the laboratory, eight substrate mixtures were created
each of which was placed in six replicate troughs
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(N D 48) to represent substrate mixtures observed in the
field. Eggs from Lyons Ferry Hatchery were fertilized
and planted in the troughs. The regression equation:
emergence success (%) D 46.643 C 1.194�S0.85 –
0.0111�S6.4S0.85 was fitted from the laboratory results;
where emergence success was the mean percent survival
to emergence, S0.85 was the mean percentage of fines less
than 0.85 mm in diameter in each of the eight substrate
mixtures, and S6.4S0.85 was a quadratic term calculated
from S0.085 and the mean percentage of the eight sub-
strate mixtures composed of fines less than 6.4 mm in
diameter (i.e., S6.4). That regression equation explained
97% of the variability observed in mean emergence suc-
cess (N D 8; P < 0.0001). Bennett et al. (2003) then pre-
dicted emergence success at the seven spawning sites
based on the average values of S0.085 and S6.4 observed at
each site in their field samples. Predicted mean emer-
gence success ranged from 29% to 48% (N D 7 sites).
The equation could not be used to predict emergence
success for the spawning areas sampled by Arnsberg et
al. (1992) because they did not measure S6.4.

To put what is presently known about substrate com-
position and embryo loss in the contemporary spawning
areas in the context of the 70% embryo loss rate reported
by Healey (1991), the laboratory data from Bennett et al.
(2003) were used here to fit the regression equation:
embryo loss (%) D -52.689 – 0.160�S0.85 C
0.186�S0.85S0.85 (N D 8; r2 D 0.89; P D 0.004). That equa-
tion was then used to predict embryo loss from the value
of S0.85 measured in each individual substrate sample col-
lected in the contemporary spawning areas. The average
(§ 95% CI) of the predictions was 53.5 § 0.3% for the

Upper Hells Canyon substrate samples (N D 40), 64.1 §
4.6% for the Lower Hells Canyon substrate samples
(N D 29), and 64.3 § 8.2% for the Clearwater River
lower reach substrate samples (N D 6). Only two samples
collected in the primary, secondary, and tertiary spawn-
ing areas differed significantly from the 70% benchmark
based on the coverage of the 95% prediction intervals of
the individual predictions used to calculate the above
averages (both from the Lower Hells Canyon; Figure 25).
To restate the primary point of this section, it is impor-
tant to recognize that embryo mortality is high even
when temperatures are favorable for survival.

Illustrating the effects of behavior, velocity,
and temperature on migration and spawning
success measured through spawning site
selection and the initiation of redd construction

A three-stage somatic energy use model was devel-
oped in this review (Figure 26). The model is used to
illustrate how behavior, and temperature and velocity
exposure of adults from Bonneville Dam to the Upper
Hells Canyon spawning area, act as joint factors for
migration and spawning success measured through
spawning site selection and redd construction. For
the sakes of brevity and readability, the detailed
methods are presented separately in the Appendix
unless noted otherwise.

The individual PIT-tagged adults in Table 4 were the
source of the data for modeling. Each of those fish sur-
vived from Bonneville Dam tailrace to Lower Granite
Dam forebay. Those fish were selected with the under-
standing that the large majority of the fish detected at
Bonneville Dam that were not subsequently detected at
McNary Dam had been rightfully harvested in the Treaty
fisheries. Thus, it was assumed that death due to exhaus-
tion was not a factor for migration success in that por-
tion of river; but information is subsequently provided
that supports that assumption. Similarly, this review has
established that straying after the fish reach the mouth of

Figure 26. Stages of the model developed to simulate somatic
energy use, migration success, and spawning success of PIT-
tagged, hatchery-origin fall Chinook salmon adults during 2010‒
2015.

Figure 25. Embryo loss (%) predicted (§ 95% CI) for the primary,
secondary, and tertiary fall Chinook salmon spawning areas in
the sub-watersheds that make up the upper stretch of the river
system. The equation was: embryo loss (%) D -52.689 –
0.160�S0.85 C 0.186�S0.85S0.85 (N D 8; r2 D 0.89; P D 0.004); S0.85
was the mean percentage of fines less than 0.85 mm in diameter
in each of the substrate samples collected by either Arnsberg et
al. (1992) or Bennett et al. (2003). The prediction marked by an
asterisk in panel was 105.1 § 27.8%.
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the Lower Snake River is the primary source of loss
between the forebays of McNary and Lower Granite
Dam. As such, the primary goal of this section of
the review was to illustrate how mortality incurred by
the fish after passage at Lower Granite Dam might be
affected by fish behavior and environmental exposure
after arrival in the Bonneville Dam tailrace.

Each fish was treated as if it was a female destined to
spawn in the Upper Hells Canyon spawning area.
Spawners destined for the Upper Hells Canyon spawning
area must swim some of the longest distances to reach
the spawning sites, through the highest velocity habitats,
and are the most susceptible to warm temperatures
upstream of Lower Granite Dam as there is little thermal
refuge available after passing the mouth of the Clear-
water River (Figure 3).

This section covers five objectives including:
(1) evaluating the realism of the model simulations;
(2) comparing the simulated cumulative temperature

exposures (1�C above 0�C for 1 dayD 1 cumulative
temperature unit) between Bonneville Dam and
McNary Dam, and the simulated expended useable
energy (cumulative %) upon arrival in the forebay
of McNary Dam, between fish that successfully
migrated from Bonneville Dam tailrace to Lower
Granite Dam forebay, and fish that that were
unsuccessful migrants between those two dams;

(3) comparing the Lower Granite Dam passage dates,
simulated cumulative temperature exposures, and
simulated expended useable energy content (cumu-
lative %) upon arrival in the forebay of Lower
Granite Dam between fish that were classified as
successful or unsuccessful spawners by the model;

(4) depicting the role of cumulative temperature expo-
sure, as the fish swam from the lower to upper
stretch of the river system, on spawning success
classification (i.e., successful versus unsuccessful
spawners according to the model; see Appendix for
detailed methods); and

(5) comparing simulated somatic energy use among
tailrace-to-dam passage, reservoir passage, and
pre-spawning movement events for fish classified
as successful spawners.

Evaluating the realism of model simulations

The realism of the model simulations was evaluated
based on: (1) the estimated lengths and weights that
were input to the model; (2) the observed and simulated
migration success rates between Bonneville Dam forebay
and McNary Dam forebay, and between McNary Dam
forebay and Lower Granite Dam forebay; (3) the typical
age-class distribution of natural-origin females and the

observed age-class distribution of the PIT-tagged fish;
(4) levels of pre-spawning mortality reported in the liter-
ature and simulated levels of pre-spawning mortality; (5)
the temporal pattern in pre-spawning mortality reported
in the literature and the simulated temporal pattern in
pre-spawning mortality; (6) the spawning date distribu-
tions estimated for fish in the wild and the simulated
spawning date distributions; and (7) the fraction of pre-
spawning, somatic energy content used to spawn accord-
ing to the literature and that same fraction simulated by
the model.

Weights and fork lengths were estimated at Bonneville
Dam, and in turn, used to simulate the amount of energy
that was used or was available at various times and loca-
tions. In all cases, estimated weights and lengths were
well within the bounds of expectations, and estimated
weight declined as the fish moved upstream and spawned
as observed in the river. Jointly across the 6 years mod-
eled (N D 18,755 fish), the overall average (§SD) esti-
mated weight of the PIT-tagged adults at Bonneville
Dam was 5.6 § 1.3 kg. The overall average (§SD) esti-
mated fork length of the PIT-tagged adults at Bonneville
Dam was 75 § 5 cm. The overall average estimated
weights of the fish at McNary Dam fell to 5.0 § 1.2 kg
(N D 13,224), 4.5 § 1.3 kg at Lower Granite Dam (N D
12,347), and then to 3.7 § 1.3 kg (N D 11,.364) at the
simulated time of spawning initiation.

Every PIT-tagged adult used in the model survived
from Bonneville Dam tailrace to McNary Dam fore-
bay (i.e., migration success during Stage I modeling).
Likewise, every PIT-tagged adult survived from
McNary Dam forebay to Lower Granite Dam forebay
(i.e., migration success during State II modeling).
Simulated migration success for the fish in Stages I
and II of the model was expected to be 100% if the

Figure 27. The percentage of the apparent ocean age II, III, IV,
and V PIT-tagged, hatchery-origin fall Chinook salmon adults that
migrated successfully during Stage II modeling (i.e., McNary Dam
forebay to Lower Granite Dam forebay) that were classified as
successful spawners, 2010–2015. The numbers above the bars
are the sample sizes of fish classified as successful spawners.
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model was not markedly underestimating useable
somatic energy, or overestimating somatic energy use.
That expectation was met.

The apparent ocean-age distributions of the
PIT-tagged adults were not perfectly aligned with the
apparent ocean-age distribution typically observed for
natural-origin females. Age-II fish predominated in the
returns of PIT-tagged fish in 2010, 2011, and 2012. It is
important to keep that age discrepancy in mind because
spawning success classification was dependent on appar-
ent ocean age during all 6 years modeled. The annual
percentages of the fish classified as successful spawners
were lower for Age-II fish compared to Age-III, Age-IV,
and Age–V fish (Figure 27).

The model classified unsuccessful spawners into two
groups including prespawning mortalities that died
before spawning site selection and the initiation of redd
construction, and premature spawning mortalities that
began to construct redds and lay eggs but died before egg
laying was complete. Prespawning mortality for the PIT-
tagged fish simulated between passage at Lower Granite
Dam and spawning site selection was 2.7% in 2010, 0.8%
in 2011, 0.6% in 2012, 10.5% in 2013, 3.6% in 2014, and
2.6% in 2015. The distribution observed in the simulated
pre-spawning mortality rates for the Upper Hells Can-
yon spawning area did not stand out as an anomaly
when compared to pre-spawning mortality distributions

for other fall Chinook salmon in rivers impacted by
human development (Figure 28).

Within and across years, the majority of the PIT-
tagged fish classified as unsuccessful spawners fell
into the premature spawning mortality category
(Figure 29). To provide a temporal perspective on
mortality, Eq. 8 in Table A1 was used to simulate a
spawning initiation date for each premature spawning
mortality, acknowledging that those fish were
assumed to have died without beginning redd con-
struction. To simulate a daily mortality rate, the sum
of the simulated pre-spawning and premature spawn-
ing mortalities on each spawning initiation date was
divided by the total number of fish that were simu-
lated to have initiated spawning on that date. The
resulting simulated daily mortality rates declined
throughout the spawning period (Figure 30) consis-
tent with the pattern reported by Bowerman et al.
(2016).

Figure 28. Pre-spawning mortality (%) distributions (5th, 25th,
50th, 75th, and 95th percentiles) for basin-level groupings of fall
Chinook salmon calculated with empirical data from Bowerman
et al. (2016) compared to the distributions calculated from simu-
lations made with the somatic energy use model for the PIT-
tagged, hatchery-origin fall Chinook salmon adults in the Upper
Hells Canyon spawning area (UHC). The numbers above the 95th
percentile are the sample sizes. Other abbreviations: CLR, Clear-
water River lower reach, ID; KAL, Klamath Falls, OR; MCOL, Mid-
Columbia, OR; PUG, Puget Sound, WA; SAC, Sacramento, CA; SJO,
San Joaquin, CA. The data were provided by the corresponding
author of Bowerman et al. (2016), except for the Clearwater River
lower reach that were taken from Arnsberg et al. (2007, 2010)
and Arnsberg and Kellar (2007a, 2007b, 2007c).

Figure 29. The percentages of the PIT-tagged, hatchery-origin
fall Chinook salmon adults that were classified as unsuccessful
spawners and fell into the pre-spawning or premature spawning
mortality categories, 2010–2015. The numbers above the bar are
the sample sizes of fish classified as unsuccessful spawners.

Figure 30. Simulated daily pre-spawning mortality rates (%) of
PIT-tagged, hatchery-origin fall Chinook salmon adults along the
Upper Hells Canyon spawning area, 2010–2015.
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If the model simulations were realistic, then
spawning date distributions estimated from observed
redd count data would be similar to simulated
spawning date distributions, and depict a temporal

trend associated with temperature-related spawning
success. The simulated spawning date distributions
were constructed jointly from the simulated spawning
dates of both premature spawning mortalities and
successful spawners. The observed and simulated dis-
tributions were similar (Figure 31). If the pre-spawn-
ing mortalities had survived to spawn, the
simulations indicated that they would have been the
earliest to construct redds, followed by the premature
spawning mortalities, and then the successful spawn-
ers (Figure 32).

Successful spawners only use a fraction of their pre-
spawning, somatic energy to spawn. For example, Jons-
son et al. (1991) measured somatic energy content
immediately before and after spawning. On average
females lost 25% of their pre-spawning, somatic energy
reserves by the time they were spent. Thus, the simulated
somatic energy loss calculated between spawning site
selection and the completion of spawning for the PIT-
tagged adults classified as successful spawners was
expected to be well below 100% of the simulated somatic
energy content at the time of spawning site selection. If
mean simulated somatic energy loss between spawning
initiation and completion approached 100%, evidence
would be provided for the underestimation of somatic
energy content, or the overestimation of somatic energy
use (and vice versa). Inter-annual mean (§ 95% C.L.)
annual somatic energy loss (%) between the time of
spawning site selection and the completion of spawning
was 25.1 § 0.1%.

Having provided the reader with some information to
evaluate the realism of the simulations made by the
somatic energy use model, the following simulations of
spawning success are reported. It is important to note
that these values are the annual means calculated from
simulations for individual PIT-tagged fish. Those indi-
vidual values were intended as a basis for evaluating
behavior, velocity, and temperature as determinants of
variation in spawning success. The means resulted from
numerous estimation procedures, and they do not
include measures of precision or uncertainty. Of the
PIT-tagged adults that successfully migrated to Lower
Granite Dam forebay (Table 4), the somatic energy use
model classified 87.6% as successful spawners in 2010,
74.6% % in 2011, 73.7% in 2012, 66.6% in 2013, 87.6% in
2014, and 90.2% in 2015.

Comparing thermal exposure and energy content
between successful and unsuccessful migrants

There was a difference in simulated cumulative tem-
perature exposures, and useable energy expenditure
(cumulative %) during Stage I modeling (i.e.,

Figure 31. Standardized, simulated spawning initiation date
distributions for PIT-tagged, hatchery-origin fall Chinook
salmon adults classified as premature spawning mortalities
and successful spawners (combined) compared to the actual
distributions observed during the four annual redd survey
intervals along the Upper Hells Canyon spawning area, 2010–
2015 (data collected by the authors and their staff; e.g.,
Groves et al., 2013).

Figure 32. Standardized, simulated spawning initiation date distri-
butions for PIT-tagged, hatchery-origin fall Chinook salmon adults
that fell into the pre-spawning mortality category (had they sur-
vived to initiate spawning), into the category of premature spawn-
ing mortalities, or were classified as successful spawners, 2010–
2015.
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Bonneville Dam tailrace to McNary Dam forebay)
between fish of the two migration success classes dur-
ing State II modeling (i.e., McNary Dam forebay to
Lower Granite Dam forebay). The successful migrants
to Lower Granite Dam forebay had lower mean
cumulative temperature exposures, and expended less
usable energy on average, when swimming from Bon-
neville Dam tailrace to McNary Dam forebay com-
pared to unsuccessful migrants according to the
model (Figure 33). That difference was not influential
in terms of migration success between Bonneville and
McNary dams because simulated expended useable
energy (cumulative %) was a relatively small fraction
of the simulated somatic energy available to the fish
at Bonneville Dam even in the case of unsuccessful
migrants (range of annual means [§SE]; 10.7 § 0.1%
to 13.8 § 0.1%).

Comparing Lower Granite Dam passage dates,
simulated cumulative temperature exposures,
and simulated expended useable energy content
(cumulative %) between successful
and unsuccessful spawners

The PIT-tagged adults classified as successful spawn-
ers passed Lower Granite Dam later compared to fish

classified as unsuccessful spawners during all 6 years
modeled (Figure 34; panel A). The annual mean (§
95% C.L.) simulated cumulative temperature expo-
sures from Bonneville Dam tailrace to Lower Granite
Dam forebay were consistently lower for fish classified
as successful spawners compared to fish classified as
unsuccessful spawners (Figure 34; panel B). Fish clas-
sified as successful spawners also expended smaller
fractions of their simulated useable energy content
between Bonneville Dam tailrace and Lower Granite
Dam forebay compared to fish classified as unsuccess-
ful spawners (Figure 34; panel C). The simulated
amount of the useable energy expended (cumulative
%) between Bonneville Dam tailrace to Lower Granite
Dam forebay was far below the simulated energy
thresholds for death due to exhaustion, even in the
case of the fish classified as unsuccessful spawners

Figure 34. Annual mean (95% C.I) day of passage at Lower Gran-
ite Dam (panel a; numbers in bars D n), simulated cumulative
temperature exposures between Bonneville and Lower Granite
dams (panel b), and simulated expended useable energy (cumu-
lative %; panel c) during Stages I and II for PIT-tagged, hatchery-
origin fall Chinook salmon adults that were classified as either
successful or unsuccessful spawners, 2010–2015.

Figure 33. Annual mean (95% C.I.) cumulative temperature
exposures (panel A) and expended useable energy (cumulative
%; panel B) simulated during Stage I modeling (i.e., Bonneville
Dam tailrace to McNary Dam forebay) for PIT-tagged, hatchery-
origin fall Chinook salmon adults that were either successful or
unsuccessful migrants from McNary Dam forebay to Lower Gran-
ite Dam forebay, 2010–2015. Sample sizes are given in Table 4.
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(range of annual means [§SE]; 17.1 § 0.1% to 25.4
§ 0.1%). Therefore, the majority of the useable
energy content simulated at Bonneville Dam for the
average fish remained available for making pre-
spawning movements and spawning.

Depicting the role of cumulative temperature
exposure on spawning success

The annual cumulative temperature exposure indices
were lower within and across years for the PIT-tagged
adults classified as successful spawners compared to
the fish classified as unsuccessful spawners (Figure 35).
On average within each year, the simulations indi-
cated that the fish accumulated more cumulative tem-
perature units after passing Lower Granite Dam than
they did downstream of the dam (Figure 35).

To evaluate the relative influence of cumulative
temperature among the three modeling stages, logistic
regression models were fitted for each of the six mod-
eled years. The models predicted the probability of an
individual PIT-tagged adult being classified as a suc-
cessful spawner based on its simulated weight at Bon-
neville Dam, and the cumulative temperature
exposures simulated for the PIT-tagged adults during
the modeling stages I and II, and modeling stage III
through spawning initiation.

The models with an intercept and covariates (i.e.,
the full models) provided more information on the
probability of a fish being classified as a successful

Figure 35. Annual cumulative temperature exposure indices for
the PIT-tagged, hatchery-origin fall Chinook salmon adults that
successfully migrated to Lower Granite Dam forebay, and were
subsequently classified as either successful (S) or unsuccessful (U)
spawners during 2010–2015. Sample sizes are given in Table 4.

Table 6. Logistic regression diagnostics for models fitted to predict the probability of a PIT-tagged, hatchery-origin fall Chinook salmon
adult being a successful spawner based on fish weight at Bonneville Dam, and cumulative temperature exposure during Stages I, II, and
II. Abbreviations: CUMDEGR, cumulative temperature exposure; S, successful spawner; U, unsuccessful spawner.

AIC by model N Accuracy (%)

Odds
Year Null Full Parameter b (SE) ratio S U S U

2010 1,725.124 15.255 Intercept 1,149.500 (522.200) 2,014 285 100.0 99.7
Weight at Bonneville 42.146 (35.823 > 999.999
Stage I CUMDEGR -0.638 (0.270) 0.529
Stage II CUMDEGR -0.541 (0.244) 0.582
Stage III CUMDEGR -1.218 (0.525) 0.296

2011 1,393.387 30.909 Intercept 74.987 (13.975) 915 312 100.0 100.0
Weight at Bonneville 17.209 (3.166) > 999.999
Stage I CUMDEGR -0.110 (0.024) 0.896
Stage II CUMDEGR -0.077 (0.015) 0.926
Stage III CUMDEGR -0.168 (0.031) 0.845

2012 2,495.398 330.403 Intercept 67.187 (6.270) 1,595 569 98.7 98.8
Weight at Bonneville 8.142 (0.788) > 999.999
Stage I CUMDEGR -0.057 (0.007) 0.945
Stage II CUMDEGR -0.058 (0.006) 0.944
Stage III CUMDEGR -0.102 (0.009) 0.903

2013 3,637.280 210.888 Intercept 84.508 (8.615) 1,898 954 99.4 98.7
Weight at Bonneville 19.876 (1.924) > 999.999
Stage I CUMDEGR -0.104 (0.010) 0.901
Stage II CUMDEGR -0.088 (0.009) 0.916
Stage III CUMDEGR -0.178 (0.017) 0.837

2014 1,874.508 235.664 Intercept 33.414 (3.544) 2,184 310 99.7 93.9
Weight at Bonneville 9.706 (0.989) > 999.999
Stage I CUMDEGR -0.045 (0.005) 0.956
Stage II CUMDEGR -0.041 (0.005) 0.960
Stage III CUMDEGR -0.074 (0.007) 0.929

2015 845.102 257.054 Intercept 16.483 (1.804) 1,182 129 98.7 73.6
Weight at Bonneville 2.059 (0.223) 7.837
Stage I CUMDEGR -0.017 (0.003) 0.983
Stage II CUMDEGR -0.012 (0.002) 0.988
Stage III CUMDEGR -0.023 (0.002) 0.978
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spawner compared to intercept-only models (i.e., the
null models; Table 6). Classification accuracy of the
full models was above 90% for fish that were classified
successful spawners, and 70% for fish that were classi-
fied as being unsuccessful spawners (Table 6). Each of
the annual models predicted that the probability of
being classified as a successful spawner decreased as
cumulative temperature exposure increased (see the b

values; Table 6). Based on the odds ratios, cumulative
temperature exposure upstream of Lower Granite
Dam had the most relative influence on the probabil-
ity of a fish being classified as a successful spawner
(Table 6).

Comparing simulated somatic energy use by
successful spawners among tailrace-to-dam
passage, reservoir passage, and pre-spawning
movement events in kcal and kcal/km/d

In all modeled years, the simulated amount of energy
expressed in kcal used by adults for swimming (i.e.,
without consideration for ovarian development) dur-
ing pre-spawning movements and initiating spawning
upstream of Lower Granite Dam far exceeded simu-
lated energy use during swimming through the tail-
race-to-dam and reservoir reaches downstream
(Figure 36; panel A).

To express the simulated amount of energy used in
kcal/km/d, it was necessary to know the net upstream
distance travelled from Lower Granite Dam to spawn-
ing initiation. That distance (161.7 km) was calcu-
lated by subtracting the location of Lower Granite
Dam (rkm 173.0) from the most consistently and
heavily used spawning site along the Upper Hells
Canyon spawning area (rkm 334.7). Irrespective of
the short distances and times inherent to tailrace-to-
dam passage (Table 1; Figures 2 and 37), simulated
somatic energy use expressed in kcal/km/d during
tailrace-to-dam passage events, by far exceeded simu-
lated energy use for reservoir passage and pre-spawn-
ing movement and spawning initiation (Figure 36;
panel B).

Illustrating the effects of temperature
on embryo loss

As demonstrated earlier in this review, the effect of tem-
perature on spawning success is not restricted to death
of the adult. The cumulative exposure of the female par-
ent to temperatures above 20�C (a.k.a., DD>20), and the
exposure of the fertilized gametes to temperatures above
16.5�C (a.k.a., DD>16.5) might reduce egg to fry sur-
vival. The analyses presented in this section were

conducted on the PIT-tagged adults that were classified
as successful spawners in the previous section. This sec-
tion accomplishes three objectives:
(1) explore the temporal and spatial characteristics of

system-wide exposure to temperatures above 20�C;

Figure 36. The mean (95% C.I.) total amount of simulated
somatic energy used for swimming during tailrace-to-dam pas-
sage, reservoir passage, and pre-spawning movement events by
PIT-tagged, hatchery-origin fall Chinook salmon adults classified
as successful spawners expressed in kcal (panel A) and kcal/km/d
(panel B), 2010–2015. Sample sizes are given in Table 4.

Figure 37. Median tailrace-to-dam passage time (d) of presumed
upriver bright fall Chinook salmon adults at dams in the lower
and middle stretches of the river system during 1998, 2000, and
2001. The inter-annual mean (§95%CI) are given above the bars.
The data are from Keefer et al. (2004). Abbreviations: Bonneville,
BON; The Dalles, DAL; John Day, JD; McNary, MCN; Ice Harbor,
ICH;, Lower Monumental, LMN; Little Goose, LGS; and Lower
Granite, LGR.

28 W. P. CONNOR ET AL.



(2) simulate embryo loss due to DD>20 with an
emphasis on the temporal nature of the loss (see
Appendix for methods);

(3) simulate embryo loss due to DD>16.5 with an
emphasis on the temporal nature of the loss (see
Appendix for methods).

Temporal and spatial characteristics of system-
wide exposure to temperatures above 20�C

The PIT-tagged adults that passed Bonneville Dam early
in the run schedule in a given simulation year generally
accumulated more system-wide DD>20 units compared
to fish that passed the dam late in the run schedule
(Figure 38). During four of the five annual simulations,
the average PIT-tagged adult accumulated more DD>20

units in the Upper Hells Canyon spawning area than in
any other stretch of river (Figure 39). In the 2013 simula-
tion, the average PIT-tagged adult accumulated more
DD>20 units in the lower stretch of the river system
than in any other stretch (Figure 39). In all simulation
years, the average PIT-tagged adult did not accumulate
any DD>20 units while swimming through Lower Gran-
ite Reservoir (Figure 39).

Simulating embryo loss resulting from DD>20

Simulated embryo loss averaged (§ SE) 0.05§ 0.003% in
2010, 1.76 § 0.066% in 2011, 0.77 § 0.033% in 2012,
5.63 § 0.079% in 2013, 1.82 § 0.055% in 2014, and 1.62
§ 0.074% in 2015. Simulated embryo loss was highest
for the PIT-tagged adults with October simulated spawn-
ing initiation dates, declined for fish with simulated
spawning initiation dates that fell within the first two
weeks of November, and then stabilized around annual
values ranging from 0% to � 6.0% depending on year
(Figure 40).

Simulating embryo loss resulting from DD>16.5

Mean (§ SE) simulated embryo loss was 0 § 0% each
year from 2010 to 2014, and 2.5 § 0.4% in 2015. Simu-
lated embryo loss was low because the fish that would
have begun to spawn at temperatures above 16.5�C had
already been classified as premature and prespawning
mortalities during somatic energy use modeling. In 2015,
a warm low-flow year, mean simulated embryo loss was
45.8 § 4.1% for the PIT-tagged adults with October sim-
ulated spawning initiation dates, declined to 0.4 § 0.1%
for fish with simulated spawning initiation dates in
November, and then was 0 § 0% thereafter.

Figure 38. System-wide values of degree days above 20�C
(DD>20) for PIT-tagged, hatchery-origin fall Chinook salmon
adults that were classified as successful spawners by the somatic
energy use model plotted against the observed dates of passage
at Bonneville Dam of those adults, 2010‒2015.

Figure 39. The annual mean (§95% C.L.) number of degree day
units above 20�C (DD>20) accumulated by PIT-tagged, hatchery-
origin fall Chinook salmon adults that were classified as success-
ful spawners by the somatic energy use model as they swam
through the lower, middle, and upper stretches of the river sys-
tem, 2010‒2015. The upper stretch was divided into Lower Gran-
ite Reservoir, Lower Hells Canyon, and Upper Hells Canyon.

Figure 40. Simulated embryo loss (%) due to exposure to degree
days above 20�C for PIT-tagged, hatchery-origin fall Chinook
salmon adults that were classified as successful spawners by
the somatic energy use model plotted against the simulated
spawning initiation dates of those adults along the Upper Hells
Canyon spawning area, 2010‒2015.
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Illustrating the effects of a future climate
scenario on migration and spawning sucess

This section uses the somatic energy use model to
accomplish two goals. First, the model is used to illus-
trate how changes in velocity and temperature under a
future climate scenario might influence the migration
success of the population of Snake River basin fall Chi-
nook salmon. The second goal is to illustrate how
changes in velocity and temperature may further affect
spawning success measured through fry emergence of
fall Chinook salmon that migrate back to the Upper Hells
spawning area. As pointed out earlier in the review, the
Upper Hells Canyon spawning area has the warmest pre-
spawn and spawning thermal regime, and as such, it
would be the most affected by future changes in precipi-
tation and water temperature.

The objectives of this section are to:
(1) develop baseline and 2080 climate scenarios to pro-

vide approximated flows and temperatures for sim-
ulating migration and spawning success;

(2) use the 2010–2015 data collected on the PIT-tagged
adults to create a data set with a representative age-
class distribution for the simulations;

(3) simulate migration and spawning success through
fry emergence under the two scenarios and

(4) simulate spawner demographics under the two sce-
narios including age and size class distributions,
fecundity, migrant-to-fry productivity, and spawn
timing.

The baseline and 2080 climate scenarios

The baseline scenario was created by averaging the
mean daily flows and water temperatures across the
years 1991‒2006 to capture changes in dam opera-
tions that were made in association with recovery
efforts. The 2006 end point was selected to corre-
spond with the last year in the 1915‒2006 study
period assessed by the Climate Impacts Group (CIG;
Hamlet et al., 2010). The second scenario used flow
and water temperatures derived from model simula-
tions to represent the climate in the Columbia River
basin by the year 2080 (hereafter, the 2080 scenario).
The 2080 scenario modeled assumed significant
greenhouse gas mitigation in the early 21st century
would begin to stabilize gas concentrations and
warming by the end of the century. The methods
used to create the 2080 scenario flows and tempera-
tures are given in the Appendix.

Compared to the baseline scenario, daily mean flows
in the 2080 scenario were higher from about November
through mid-April, and lower from about mid-April

through October (e.g., Figure 41), consistent in pattern
with the output of most of the models reviewed by Bilby
et al. (2007). There was a 15.7% increase in annual flow,
which falls just under the upper range of the modeling
results reviewed by Bilby et al. (2007).

Much effort has been expended to shape the pat-
tern of the hydrograph to protect fish within portions
of the river system that are regulated by dams. It was
assumed here that managers would shape the higher
flow volumes observed under the 2080 scenario in the
same manner they had shaped the baseline flow pat-
terns (see Appendix). The adjusted 2080 flows used
in the simulations to approximate flow shaping exhib-
ited two general patterns that were largely affected by
how much potential there was for flow shaping at a
given location. At locations where flow volume was
largely shaped by dam operations, the adjusted 2080
flows were higher than the baseline flows throughout
the year (Figure 42; panels A, B, and G). At locations
where flow was largely affected by the inflow from
large, unregulated tributaries located upstream, the
pattern observed in Figure 41 persisted (Figure 42;
panels C, D, E, and F).

Comparisons of the baseline and adjusted 2080
temperatures at primary locations in the river system
for which temperature data were needed for subse-
quent analyses are shown in Figure 43. Approximated
daily mean temperatures were higher than baseline
daily mean temperatures at all locations every day of
the year. The mean daily difference between baseline
and approximated 2080 daily mean water tempera-
tures was 2.0�C for the Snake River locations, and
1.9�C at McNary Dam. Concerning Dworshak Dam
and Reservoir operations, it was assumed that the

Figure 41. Baseline (1991‒2006 average) and adjusted 2080
flows for Upper Hells Canyon from Hells Canyon Dam to the
Imnaha River mouth. Refer to the Appendix to see how flows
were simulated starting with information provided by Hamlet et
al. (2010). The figure style is also attributed to Hamlet et al.
(2010).
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temperature control efforts would continue under the
2080 scenario, but under the operational restrictions
observed during the baseline period (see Appendix
for additional detail).

The PIT-tag data set

Expansion methods were applied to estimates of adult
passage at Lower Granite Dam to estimate the age-class
distribution of natural-origin females arriving at Lower
Granite Dam during 2004–2015 (for methods Young et
al. (2012); data provided by B. Young). Overall, 23.7% of
the natural-origin females were Age-II, 58.9% Age-III,
17.4% Age-IV and 0.2% Age-V. In this review, the PIT-
tag data collected on the hatchery–origin adults that

were successful migrants from Bonneville Dam to Lower
Granite Dam (N D 12,347; Table 4) were pooled across
the period of years 2010‒2015, and fish from each age-
class were randomly selected to create a data set (N D
1,997) composed of Age-II (23.5%), Age-III (59.1%),
Age-IV (17.3%) and Age-V (0.1%) adults that were
assigned the sex of female.

The 1,997 adults in the randomly drawn PIT-tag data
set had been successful migrants from Bonneville Dam to
Lower Granite Dam. The approach to making the data set
did not account for fish that migrated successfully from
Bonneville Dam to McNary Dam, but then failed to
migrate to Lower Granite Dam (e.g., Figure 15 and 16).
To simulate migration and spawning success rates for
comparison between PIT-tagged fish under the baseline

Figure 42. The baseline scenarios (1991‒2006 average), and
2080 average flow scenarios adjusted to match the pattern in the
hydrograph in the baseline scenario, for Upper Hells Canyon
from Hells Canyon Dam to the Imnaha River mouth (panel A),
Upper Hells Canyon from the Imnaha River mouth to the Salmon
River mouth (panel B), Lower Hells Canyon from the Salmon River
mouth to Grande Ronde River mouth (panel C), Lower Hells Can-
yon from the Grande Ronde River mouth to the Clearwater River
mouth (panel D), Lower Granite Dam (panel E), Ice Harbor Dam
(panel F), and McNary Dam (panel G). Refer to the Appendix to
see how flows were simulated starting with information provided
by Hamlet et al. (2010).

Figure 43. Baseline (1991‒2006 average) and adjusted 2080
daily mean temperatures for Upper Hells Canyon (panel A), Lower
Hells Canyon (panel B), Lower Granite Dam (panel C), Ice Harbor
Dam (panel D), and McNary Dam (panel E). Refer to the Appendix
to see how temperatures were simulated starting with informa-
tion provided by Hamlet et al. (2010).
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and 2080 scenarios, the denominator used to calculate the
rates had to include those unsuccessful migrants. The
denominators were obtained by dividing 1,997 by the
probability of a fish being a successful migrant taken from
the equation in Figure 13. Clarification follows.

The mean temperatures measured in the tailrace of
Ice Harbor Dam from 12-Aug to 14-Sep under the base-
line (20.5�C) and 2080 (23.0�C) were input into the
regression equation in Figure 13 to predict (P.I.) migra-
tion success rates that were then expressed as propor-
tions (baseline, 0.955 [0.899,1.000]; 2080, 0.846 [0.715,
0.976]). To produce starting numbers of fish at Bonne-
ville Dam for the baseline and 2080 scenarios (i.e., the
denominators of the success rates), 1997 was divided by
the proportion reported above that corresponded to each
scenario. The starting numbers were 2,091 and 2,316 for
the baseline and 2080 scenarios, respectively.

Migration and spawning success through fry
emergence under the two scenarios

Simulated migration success rate from Bonneville Dam
tailrace to Lower Granite Dam forebay was 95.5% for
fish under the baseline scenario and 84.6% for fish under
the 2080 scenario (Figure 44). The success rates simu-
lated for the fish from Bonneville Dam tailrace to the
completion of spawning were 84.3% and 60.1% under
the baseline and 2080 scenarios, respectively (Figure 44).

In the case of success rate from the completion of
spawning to fry emergence, embryo survival was
expressed in adult equivalents, where the adult equivalent
for a given successful spawner was equal to 1 minus the

sum of the simulated proportions of embryos lost due to
the DD>20 and DD>16.5 exposures of that fish. The total
number of adult equivalents produced by the successful
spawners was 1,744 fish under the baseline scenario, and
1,259 fish under the 2080 scenario. As such, the success
rate simulated from arrival in the tailrace of Bonneville
Dam to fry emergence was 30.1 percentage points higher
for fish under the baseline scenario (83.4%) compared to
fish under the 2080 scenario (53.3%; Figure 44).

The numbers reported in Figure 44 can be used to cal-
culate success rates separately for each of the three events
just covered. Success rates calculated in that manner
listed respectively for the baseline and 2080 scenarios
were: (a) 95.5% and 84.6% from Bonneville Dam tailrace
to Lower Granite Dam forebay, (b) 88.2% and 71.0%
from Lower Granite Dam forebay to spawning comple-
tion, and (c) 99.0% and 88.8% from spawning comple-
tion to fry emergence (does not include mortality
attributable to percent fines).

Changes in spawner demographics under the two
scenarios

The adult equivalent value for each successful spawner
was used to calculate proportions and means in this sec-
tion of the review. For example, fecundity for a given
successful spawner was simulated with Eq. 16 (Table A1)
and multiplied by the adult equivalent for that fish. The
number of fry produced by that fish was then multiplied
by 0.535 (i.e., the mean embryo survival rate for the
Upper Hells Canyon spawning area from Figure 25) to
account for embryo loss due to fines in the substrate.

The simulated age class distributions, fork length dis-
tributions, and mean fecundities of the spawners under
the two scenarios were similar, whereas there were differ-
ences between the scenarios in migrant-to-fry productiv-
ity and spawn timing. Simulated migrant-to-fry
productivity was 2,513 under the baseline scenario and
1,808 under the 2080 scenario. The primary difference
between the spawn timing distributions of fish between
the two scenarios was the near absence of effective
spawning during the third spawning interval (19-Oct‒
01-Nov) under the 2080 scenario (Figure 45), which in
the case of the Hells Canyon spawning area, is presently
the first interval when spawning is observed (Figure 6).

A conceptual model for research
and management

Assumptions and limitations

The word “illustrate” was defined in the introduction of
this review for good reason. Fish are difficult to study

Figure 44. Simulated success rates (%) migration from Bonneville
Dam to the Upper Hells Canyon spawning area, from Bonneville
Dam to spawning completion, and from Bonneville Dam to fry
emergence simulated for natural-origin fall Chinook salmon
females under the baseline and 2080 scenarios, where N is the
starting number of adults that arrived at Bonneville Dam and n is
the number of adults that successfully completed each event
given above the bars (except in the case of emergence; see text
for description).
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especially in large river systems because they live and
move underwater out of sight of human beings almost
all of the time. Consequently, the results of large river
studies on fish are founded on data collected under
extreme limitations that are then used in analyses that
are always fraught with assumptions. Those limitations
and assumptions need to be diligently considered and
balanced against the biological realism of the results.

In terms of biology and hydrology, limitations
associated with resources and available technology
made it necessary to make numerous assumptions
when analyzing and interpreting data in this review.
The assumptions made in somatic energy use model-
ing serve as good examples for discussion. The accu-
racy and bias of the simulations of migration and
spawning success cannot be assessed because there is
no known baseline on Snake River basin fall Chinook
salmon for comparison. In the case of hydrology, the
temperature and velocity simulations were clearly
gross oversimplifications of the temperatures and
velocities observed along the river system studied.
Details on the most influential biologic and hydro-
logic assumptions and limitations of the somatic
energy use model are discussed hereafter.

It was necessary to extrapolate when using Eq. 1
(Table A1) to simulate somatic energy use at tempera-
tures above 20.0�C because handling the fish in the labo-
ratory at temperatures above 20�C in the Geist et al.
(2000a) study would likely have killed the fish. It is possi-
ble, that the relation between somatic energy use and
temperature becomes nonlinear at warmer temperatures
meaning the fish either start using energy at a faster rate
or the rate of energy use tapers off at some temperature

threshold. The model simulated energy use based on
mean tailrace temperatures. The actual temperatures
encountered by the fish were undoubtedly more complex
compared to those used to simulate somatic energy use,
but again, the radiotelemetry study by Mann (2007)
reviewed earlier provided support for the approach used
here. It was assumed that the fish selected velocities
equivalent to mean velocities in the tailrace areas and
mean cross-sectional velocities in the reservoirs and riv-
erine habitat. It is known that migrating adults orient
themselves along the shorelines (Bjornn and Peery
1992), and it is probable that fish do not consistently
select velocities that are equivalent to the mean. Anyone
who has ever watched a salmon knows that the fish
sometimes orient themselves in current to maximize
movement efficiency, while minimizing energy use. That
innate characteristic could not be captured in the model
without adopting some arbitrary correction factor. Fur-
thermore, the prespawning movement templates used to
develop Eqs. 12A–12F were largely based on the
observed movements of hatchery-origin fish, and the
limited evidence available indicates that hatchery-origin
fish swim farther and longer after reaching the spawning
grounds compared to natural-origin fish (Connor and
Garcia 2006).

Concerning the hydrological aspects of the model, it
was assumed that the mean tailrace temperatures at
McNary and Ice Harbor dams provided an adequate
representation of the temperatures in reservoirs, ladders,
and tailraces. For a time at Lower Granite Dam, Caudill
et al. (2013) showed that that assumption was not met
with regard to temperature. Velocity models fitted to
data collected in John Day and Lower Granite reservoirs
were used to predict velocities in the other Columbia
and Lower Snake River reservoirs in the lower and mid-
dle stretches of the river system, respectively. As clearly
indicated in Table A1, the equations used to simulate
tailrace velocities at the eight dams were visually approx-
imated from figures in Rakowski et al. (2010). It was also
necessary to assume that velocities in the ladders were
similar to the visually approximated, mean velocities in
the tailrace area, even though it is known that ladders are
designed to shelter fish from high velocities and facilitate
upstream movement and elevation gain.

As with the somatic energy use model, there were lim-
itations and assumptions associated with the embryo loss
simulations. In particular, DD>20 of the females that
were radio tagged by Mann (2007) explained only 31%
of the variation in embryo loss measured at hatcheries
for those fish. It was also assumed that embryo loss was
linear over the range of DD>20 values measured at the
system-wide level. Embryo loss due to the thermal his-
tory of the parent could increase in a non-linear fashion

Figure 45. Effective spawn timing distributions simulated for nat-
ural-origin fall Chinook salmon females along the Upper Hells
Canyon spawning area under the baseline and 2080 scenarios,
where N is the total number of fish classified as successful spawn-
ers expressed in adult equivalents (see text), and n is the total
number of adult equivalents in each spawning interval given
above the bars.
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in association with the rigors of swimming upstream and
spawning the riverine environment upstream of Lower
Granite Reservoir. Nevertheless, the embryo loss simula-
tions were useful for illustrating how thermal exposure
of the female parent and initial incubation temperature
might influence spawning success measured in terms of
the production of offspring.

Lastly, it is acknowledged that measures of uncer-
tainty were not reported for the simulations. This review
was not written to provide exact predictions of future
events. Rather than undertaking the statistical gyrations
that are part of many modeling endeavors, it is simply
stated here that any honest estimate of uncertainty would
be large especially if random process was considered. The
standard caveat also applies: research, monitoring, and
evaluation should be undertaken to evaluate the veracity
of the illustration developed in this review. In practice,
such research will be difficult to conduct until technology
advances.

Acknowledging the above limitations and assump-
tions, the assessments of model performance reported
earlier supported the use of the simulation results for
accomplishing the stated goal of this review. That is, to
illustrate how fish behavior, temperature, and velocity
under a future climate might influence the migration
and spawning success of inland populations of Chinook
salmon that inhabit highly developed river systems.

The illustration

This subsection summarizes what the review illustrated
in the form of a conceptual model. The model is
intended to challenge researchers while providing man-
agers with one alternative future to consider. It is orga-
nized around the following topics: (1) migration timing;
(2) factors affecting migration and spawning success; (3)
the final fate of unsuccessful migrants; (4) the final fate
of unsuccessful spawners; (5) the future of water temper-
ature management; and (6) the influence of future cli-
mate patterns on abundance, diversity, and spatial
distribution of inland populations of Chinook salmon in
warm, highly developed river systems.

The conceptual model. Inland fall Chinook salmon
from southerly latitudes of the northern hemisphere
begin to enter freshwater during the warmest time of the
year. Through the process of natural selection, inland
anadromous fishes evolved to have an inherently strong
migratory disposition. It is quite possible that some
inland populations of Chinook salmon do not greatly
alter their time of freshwater entry in response to envi-
ronmental conditions because of the spatial and tempo-
ral constraints imposed on them in terms of migration

distance and maturation schedule. Such rigidity in
migration timing makes it probable that a portion of the
population will always be exposed to temperatures that
are warm enough to reduce migration and spawning
success.

Within the constraints of available energy, the
migration and spawning success of inland populations
of Chinook salmon in highly developed river systems
are jointly determined by inherent migratory disposi-
tion, temperature, and velocity. Seasonally warm, sub-
lethal temperatures and localized temperature gra-
dients can elicit short-term disruptions in upstream
movement by some of the fish that actively avoid
warm water, and then incidentally encounter or actu-
ally seek thermal refuge. Extreme temperature gra-
dients can temporarily halt movement altogether as
has been shown in fish ladders. Despite such temper-
ature-related disruptions in movement, temperature
accounts for little variation in the upstream move-
ment rate of individual fish measured over the entire
length of the migration corridor. Migratory disposi-
tion overrides exposure to sub-lethal temperatures.
Concerning velocity, impounding rivers exposes fish
to lower velocities compared to those of riverine habi-
tat. The velocities in the reservoirs are less energeti-
cally demanding compared to the historical riverine
velocities, thus in that respect the reservoirs formed
by the dams have made it is easier for the fish to
migrate. Tailrace-to-dam passage, on the other hand,
presents the fish with an energetic challenge that is
analogous to ascending rapids and water falls that
were engineered to reduce energy expenditure.
Although the technology for facilitating passage at
dams has evolved, tailrace-to-dam passage remains an
energetically demanding process that influences
migration success.

Under contemporary temperature conditions, a rela-
tively small percentage of the fish stray after migrating to
their natal river mouth. Unless the fish had been previ-
ously injured, there is little reason to believe that large
numbers of the strays die from exhaustion before spawn-
ing. Most spawn “out-of-basin.” Straying and spawning
in the Hanford Reach by fish from the Snake River basin
fall Chinook salmon Evolutionarily Significant Unit
serve as an example of out-of-basin spawning. The level
of out-of-basin spawning increases as the temperature at
the mouth of the natal river basin increases. Straying and
out-of-basin spawning represents a modest loss in pro-
duction to the natal or “source” population under pres-
ent climate conditions.

Death due to exhaustion after natal river entry, but
before the completion of spawning, is the final fate of
a moderate proportion of inland Chinook salmon,
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especially those fish destined for the warmest spawn-
ing areas. Death due to exhaustion is a cumulative,
temporal, and spatial process. Comparing simulated
somatic energy use expressed as kcal/km/d illustrated
the importance of providing the fish with the least
stressful, and most efficient, tailrace and ladder pas-
sage conditions at dams along the migration corridor
when the relatively short distances and times that are
inherent to tailrace-to-dam passage are considered.
Comparing simulated somatic energy use during tail-
race-to-dam passage, reservoir passage, and pre-
spawning movement and spawning events in kcal
illustrated the importance of the environment in the
upper stretch of river systems to migration and
spawning success.

With regard to managing water temperature in the
future, any increase in air temperature would make it
more difficult to keep water temperatures from exceed-
ing existing management standards. To the extent that
the heat-retention properties of some reservoirs contrib-
ute to warming, reducing reservoir volumes during cer-
tain times might contribute to cooling. For the most
part, if it is only possible to release warm water from a
particular reservoir, few management options are avail-
able short of dam removal or breeching. The fate of
dams and reservoirs that warm downstream tempera-
tures will depend on the availability of new energy sour-
ces, alternative means for transporting goods and
facilitating commerce, the decision process with respect
to how to remedy the aging infrastructure of many
dams, and perhaps most importantly, whether or not
there are changes in societal norms.

Some large storage reservoirs that hold relatively
large volumes of cold water might continue to be
important to temperature management, or be newly
identified for future use in system-wide cooling
efforts. Some cool-water reservoirs might have a
diminished potential for temperature management as
a consequence of past development. Two reservoirs
within the river system studied in this review exem-
plify the preceding statements. Dworshak Reservoir
has been managed to maintain maximum tempera-
tures along the middle stretch of the river system
close to the 20oC standard for over two decades.
Brownlee Reservoir (Figure 1) water is released along
with Dworshak Reservoir water to enhance flow con-
ditions in the middle stretch of the river system. Cool
water is seasonally available for release from Brownlee
Reservoir, but altering current operations to release
that cold water would be problematic. It is anoxic,
laden with toxins, and carries a heavy nutrient and
organic loading (Myers et al., 2003; Fosness et al.,
2013). The reality is that even if the number of

reservoirs operated for temperature management at
the system-wide level could be increased, the efficacy
of the system-wide effort would be largely dependent
on future climate patterns.

This review illustrated how the velocity and tem-
perature conditions under an optimistic 2080 climate
scenario could contribute to further reductions in the
abundance, spatial distribution, and diversity of
inland populations of Chinook salmon. Those reduc-
tions would come about as follows. The proportion of
the fish that seek and use thermal refuge would
increase as temperature increased. Eventually the
availability of thermal refuge would become a limiting
factor to production as the demand for cold water
needed for management exceeded the supply. The ele-
vation in temperature would increase out-of-basin
straying, increase the amount of energy that the
salmon use to migrate and spawn, and ultimately
increase pre-spawning and premature spawning mor-
tality in the earliest migrating fish that homed suc-
cessfully. The warmer temperatures would kill the
embryos of earliest surviving spawners either indi-
rectly through the thermal exposure of the female
parent, or directly from exposure to lethal tempera-
tures. Embryo loss due to fines in the substrate would
continue to be high regardless of time of spawning.
There would be a spatial redistribution of spawning
among spawning areas with a shift to the coolest of
rivers. In the river system studied, a shift might be
observed from the Upper Hells Canyon spawning
area to Clearwater River lower reach. Such a spatial
redistribution would not offset the numerical loss in
the source population as a whole because a moderate
portion of the loss will come from out-of-basin stray-
ing. The end result being that it would become more
difficult for fish management actions alone to recover
conservation-reliant, inland populations of Chinook
salmon.

Closing remarks and segue. This review is the first of
a trilogy of reviews written to provide a comprehen-
sive history of Snake River basin fall Chinook salmon
to inform future research and management efforts.
Completing it provided a background illustration of
adult behavior and survival to form a foundation for
the second and third reviews. The second review will
provide a background illustration on the topics of
juvenile life history, behavior, and survival. The final
review will chronicle the recorded history of Snake
River fall Chinook salmon from the 1880s to present.
It will detail the changes in abundance, spatial distri-
bution, and management of the population from its
pristine state, through a period of decline, and lastly
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to its current conservation-reliant status. When com-
pleted, the trilogy will provide insight to the following
questions. Does fish management repeat itself in the
same manner as other aspects of human history—and
if so—to what end?
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Appendix: Detailed methods not provided in
main body of text

Somatic energy use stage I: Bonneville Dam
tailrace to McNary Dam forebay

In Stage I of the model, somatic energy use was simu-
lated for the PIT-tagged adults that successfully swam
from Bonneville Dam tailrace to McNary Dam forebay
during 2010–2015 (Figure 26). The key equation in the
model (Eq. 1; Table A1) was fitted from raw data pro-
vided by the corresponding author of Geist et al. (2000a)
to simulate oxygen consumption (mg/kg/h) that was in
turn converted to somatic energy use. The input data for
the individual fish for Eq. 1 included their simulated
weight (kg) at Bonneville Dam, swimming speed (cm/s)
from Bonneville Dam tailrace to McNary Dam forebay,
and the mean water temperature between passage at
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Bonneville Dam tailrace and McNary Dam forebay.
Equation 2 (Table A1) was used to predict the weight of
each fish at Bonneville Dam. The water temperature for
a given fish used for input to Eq. 1 was the mean temper-
ature measured in the tailrace of McNary Dam between
the detection dates of that fish at Bonneville and McNary
dams (CBR, 2017).

Swimming speed was simulated separately for tail-
race-to-dam and reservoir passage events as fish speed
(cm/s) plus water velocity (cm/s). Keefer et al. (2004)
found that an average of 38% of the total time radio-
tagged adults spent traveling between the Bonneville
Dam and McNary Dam ladder exits was spent passing
from the downstream end of the tailraces, to the ladder
exits of The Dalles, John Day, and McNary dams. The
total travel time expressed in seconds measured on each
PIT-tagged adult between dates of detection in the Bon-
neville and McNary dams ladders was multiplied by 0.38
to simulate a tailrace-to-dam passage travel time, which
was then increased by 72,000 seconds to account the
time spent passing from the tailrace of Bonneville Dam
to the Bonneville Dam ladder exit (after Keefer et al.,
2004). Fish speed during tailrace to dam passage was
then calculated as the sum of the total tailrace and ladder
distances at Bonneville, John Day, The Dalles, and
McNary dams (Table 1; but expressed in cm) divided by
the tailrace-to-dam travel time of each fish. Equation 3
(Table A1) was used to simulate the tailrace-to-dam pas-
sage velocities from the mean flow measured in the tail-
race of McNary Dam between the detection dates of a
given fish at Bonneville and McNary dams (e.g.,
Figure 5).

The remaining 62% of the travel time measured
between the detections dates of a PIT-tagged adult at
Bonneville and McNary dams represented the reservoir
travel time for that fish (after Keefer et al., 2004). Fish
speed during reservoir passage for a given fish was calcu-
lated as the combined lengths of Bonneville, The Dalles,
and John Day reservoirs (Table 1; but expressed in cm)
divided by the reservoir travel time of that fish. Eq. 4
(Table A1) was used to simulate the reservoir passage
velocities from the mean flow measured in the tailrace of
McNary Dam between the detection dates of a given fish
at Bonneville and McNary dams (e.g., Figure 5).

The weights, swimming speeds, and water tempera-
tures were then input to Eq. 1 to simulate oxygen
consumption for each PIT-tagged adult from Bonne-
ville Dam tailrace to McNary Dam forebay separately
for the tailrace-to-dam and reservoir passage events.
Simulated oxygen consumption for the two events
was summed and converted to energy use in kcal/kg/
d and kcal (after Geist et al. 2000a; see footnotes 1
and 2; Table A1).

To place each PIT-tagged adult into a migration
success class it was necessary to simulate somatic
energy content at Bonneville Dam and a somatic
energy threshold for death. Somatic energy content at
Bonneville Dam was simulated for each fish (Eqs. 5
and 6; Table A1). Then the somatic energy threshold
for death was simulated for each fish (Eq. 7;
Table A1). Subtracting simulated somatic energy
threshold for death from simulated somatic energy
content at Bonneville Dam provided a measure of the
energy available for successful migration, spawning
site selection, and spawning for each fish and is
referred to as “useable somatic energy.”

It was also necessary to account for the somatic
energy used for gonadal development. Bowerman et al.
(2017) found that summer Chinook salmon females des-
tined for a spawning area located 920 km upstream of
Bonneville Dam used 14% of their somatic energy con-
tent measured at Bonneville Dam for ovarian develop-
ment. Summer Chinook salmon migrate longer
distances and spawn later after freshwater entry com-
pared to fall Chinook salmon, thus it was assumed that
summer Chinook salmon have less developed ovaries at
the time of passage at Bonneville Dam. As such, fall Chi-
nook salmon likely would use less than 14% of their
somatic energy content simulated at the time of passage
at the dam for ovarian development. The percentage of
the somatic energy content at the dam that was eventu-
ally used by each PIT-tagged adult was simulated as
follows.

Bowerman et al. (2017) found that the average
summer Chinook salmon had a travel time of 37 d
from Bonneville Dam to the spawning grounds. The
value of 0.14 (i.e., 14.0%) was divided by 37 d to
determine the proportion of somatic energy used per
day (i.e., 0.003784) for ovarian development. The
mean number of days it took the radio-tagged fish in
the Connor and Garcia (2006) study to reach the
lower end of the spawning grounds after passing
Lower Granite Dam (4.2 d) was added to the annual
mean travel times of the PIT-tagged adults that suc-
cessfully migrated from Bonneville Dam to Lower
Granite Dam. That calculation provided an estimate
of the annual mean travel times to the spawning
grounds for the PIT-tagged adults (range, 17.6 d to
22.0 d). Multiplying each of those annual means by
0.003784 provided annual estimates of the percentage
of the somatic energy content simulated at Bonneville
Dam that was used for ovarian development as the
PIT-tagged adults swam upstream from Bonneville
Dam to the spawning grounds (range, 6.6% to 8.3%).

The percentage of the simulated somatic energy con-
tent used for ovarian development for a given PIT-tagged
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Table A1. The regression equations used in the somatic energy model and other models developed in this review. Abbreviation: LGR,
Lower Granite.

Equation
Response
variable N Study years

Intercepts and
predictor variables b (SE) P (b D 0) Model P R2/r2

1a O2 consumption (mg/kg/h)1,2 51 Intercept -81.619(73.492) 0.272 < 0.0001 0.67
Weight (kg) -7.137(2.796) 0.014
Temperature (�C) 11.591(3.663) 0.003
Swimming speed (cm/

s)
2.022(0.233) < 0.0001

2b loge Weight (kg) 1,094 2004-2005 Intercept 0.794 (0.009) < 0.0001 < 0.0001 0.94
Predicted ocean age

(years)
0.376(0.003) < 0.0001

3c Mean velocity of the tailrace
area (cm/s)

33 Intercept 33.933(2.885) 0.054 0.019 0.99

Flow (KCFS) 0.362(0.011) 0.019
4d Mean cross- sectional reservoir

velocity (cm/s)
24 Intercept 0.975

Flow (KCFS) 0.119
5e Fork length (cm) 18 Intercept 52.633(2.352) < 0.0001 < 0.0001 0.90

Ocean age (years) 9.100(0.756) < 0.0001
6f Energy content at 33 2002 Intercept -131668.000 < 0.0001 0.86

Bonneville Dam (kJ) Fork length (cm)5 2425.200
7f Energy threshold for death (kJ) 19 2002 Intercept -1784.170 0.15 0.12

Fork length (cm)5 124.580
8g Elapsed days between LGR

passage and spawning
initiation

36 1998, Intercept 197.792(10.468) < 0.0001 0.005 0.31

1999, Passage date at -0.568(0.147) 0.005
2001 LGR Dam (day of year)

9c Mean velocity of the tailrace
area (cm/s)

36 Intercept 12.825(0.041) 0.002 0.0003 1.0

Flow (KCFS) 1.732(0.001) 0.0003
10Ai Mean cross-sectional reservoir

velocity (cm/s)
57 Intercept 2.379(1.404) 0.189 < 0.0001 0.99

Flow (KCFS) 0.559(0.016) < 0.0001
10B 5 Intercept 4.107(1.687) 0.093 < 0.0001 0.99

Flow (KCFS) 0.577(0.019) < 0.0001
10C 5 Intercept 5.145(2.289) 0.110 0.001 0.99

Flow (KCFS) 0.568(0.026) 0.001
10D 5 Intercept 3.401(1.555) 0.117 0.001 0.99

Flow (KCFS) 0.485(0.017) 0.001
Intercept 1.092(0.912) 0.317 < 0.0001 0.99
Flow (KCFS) 0.365(0.010) < 0.0001

10E 5 Intercept 3.462(1.411) 0.091 0.001 0.99
Flow (KCFS) 0.349(0.016) 0.001

10F 5 Intercept 2.818(1.665) 0.189 0.001 0.99
Flow (KCFS) 0.313(0.019) 0.001

10G 5 Intercept 2.274(1.416) 0.207 0.001 0.99
Flow (KCFS) 0.360(0.016) 0.001

10H 5 Intercept 3.761(2.380) 0.212 0.003 0.97
Flow (KCFS) 0.248(0.027) 0.003

10I 5 Intercept 2.935(1.900) 0.220 0.003 0.96
Flow (KCFS) 0.184(0.021) 0.003

10J 5 Intercept 3.037(2.159) 0.254 0.003 0.96
Flow (KCFS) 0.212(0.024) 0.003

10K 5 Intercept 2.030(1.694) 0.317 0.002 0.98
Flow (KCFS) 0.215(0.019) 0.002

10L 5 Intercept 3.377(1.067) 0.051 0.001 0.99
Flow (KCFS) 0.247(0.012) 0.001

10M 5 Intercept 3.413(0.600) 0.011 0.001 0.99
Flow (KCFS) 0.142(0.007) 0.001

10N 5 Intercept 2.710(0.349) 0.005 < 0.0001 0.99
Flow (KCFS) 0.176(0.004) < 0.0001

10O 5 Intercept 1.459(0.570) 0.083 0.001 0.99
Flow (KCFS) 0.108(0.006) 0.001

(Continued on next page )
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Table A1. (Continued)

Equation
Response
variable N Study years

Intercepts and
predictor variables b (SE) P (b D 0) Model P R2/r2

11Ai Mean cross-sectional transition
zone velocity (cm/s)

58 Intercept 43.686(10.062) 0.023 0.001 0.98

Flow 2.088(0.179) 0.001
11B 5 Intercept 11.819(4.929) 0.096 0.001 0.99

Flow 1.850(0.088) 0.001
11C 5 Intercept 4.469(2.042) 0.116 < 0.0001 0.99

Flow 1.145(0.036) < 0.0001
11D 5 Intercept -0.670(4.165) 0.882 0.001 0.99

Flow 1.388(0.074) 0.001
11E 5 Intercept 0.235(4.151) 0.958 0.001 0.98

Flow 1.001(0.074) 0.001
11F 5 Intercept -2.383(5.949) 0.716 0.001 0.98

Flow 1.279(0.106) 0.001
12Ag Cumulative pre-spawning

energy use
36 2010 Intercept 27826.000(4653.763) < 0.0001 < 0.0001 0.78

Passage date at LGR -98.013(16.851) < 0.0001
Dam (day of year)
Weight at LGR (kg) 601.212(85.206) < 0.0001

12B 36 2011 Intercept 30940.000(5503.062) < 0.0001 < 0.0001 0.77
Passage date at LGR -109.571(19.927) < 0.0001
Dam (day of year)
Weight at LGR (kg) 698.572 (85.206) < 0.0001

12C 36 2012 Intercept 27740.000(4783.819) < 0.0001 < 0.0001 0.77
Passage date at LGR -97.797(17.322) < 0.0001
Dam (day of year)
Weight at LGR (kg) 587.338(87.587) < 0.0001

12D 36 2013 Intercept 28308.000(4947.572) < 0.0001 < 0.0001 0.75
Passage date at LGR -100.249(17.322) < 0.0001
Dam (day of year)
Weight at LGR (kg) 579.898(90.585) < 0.0001

12E 36 2014 Intercept 27359.000(4700.228) < 0.0001 < 0.0001 0.77
Passage date at LGR -96.220(17.020) < 0.0001
Dam (day of year)
Weight at LGR (kg) 594.765(86.057) < 0.0001

12F 36 2015 Intercept 27701.000(4691.733) < 0.0001 < 0.0001 0.78
Passage date at LGR -97.363(16.989) < 0.0001
Dam (day of year)
Weight at LGR (kg) 611.973(85.901) < 0.0001

13A g Cumulative �C between LGR
passage and spawning
initiation or pre-spawning
mortality

36 20109 Intercept 5076.371(519.805) < 0.0001 < 0.0001 0.67

Passage date at -16.227(1.940) < 0.0001
LGR Dam (day of year)

13B 36 20119 Intercept 5081.570(520.497) < 0.0001 < 0.0001 0.67
Passage date at -16.247(1.943) < 0.0001
LGR Dam (day of year)

13C 36 20129 Intercept 5156.337(524.105) < 0.0001 < 0.0001 0.68
Passage date at -16.550(1.956) < 0.0001
LGR Dam (day of year)

13D 36 20139 Intercept 5257.318(508.689) < 0.0001 < 0.0001 0.70
Passage date at -17.043(1.899) < 0.0001
LGR Dam (day of year)

13E 36 20149 Intercept 5304.329(531.548) < 0.0001 < 0.0001 0.68
Passage date at -16.989(1.984) < 0.0001
LGR Dam (day of year)

13F 36 20159 Intercept 5253.356(553.124) < 0.0001 < 0.0001 0.66
Passage date at -16.713(2.064) < 0.0001
LGR Dam (day of year)

(Continued on next page )
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adult was then multiplied by the somatic energy content
that was simulated at Bonneville Dam for that fish. The
resulting value for the simulated total amount of energy
used for ovarian development was apportioned among
modeling stages based on the detection history of the
fish. For fish that were detected at Bonneville, McNary,
and Lower Granite dams, travel time to spawning initia-
tion was simulated by use of Eq. 8 (Table A1). Total
travel time from Bonneville Dam to spawning initiation
was calculated for each fish as the sum of the observed
travel times from Bonneville Dam to McNary Dam,

McNary Dam to Lower Granite Dam, and the simulated
travel time from Lower Granite Dam to spawning site
selection. Then for each fish, the proportion of that total
travel time spent during modeling Stages I, II, and III
(up to the point of spawning site selection) was deter-
mined. Those proportions were used multiplicatively to
apportion simulated somatic energy used for ovarian
development among the three modeling stages. In the
cases of the fish that were detected at Bonneville and
McNary dams, but not at Lower Granite Dam, the
annual mean percentages of the simulated somatic

Table A1. (Continued)

Equation
Response
variable N Study years

Intercepts and
predictor variables b (SE) P (b D 0) Model P R2/r2

14 Passage date at Bonneville dam
(day of year)

12,29910 2010‒2015 Intercept 9.024(0.808) < 0.0001 < 0.0001 0.88

Passage date at 0.931(0.003) < 0.0001
Ice Harbor Dam (day

of year)
15 Embryo loss (%)k 14 2004 Intercept 1.864(0.823) 0.044 0.023 0.36

Degree days > 20l 0.220(0.084) 0.023
16 Fecunditym 10 Intercept -7419.581(3294.576) 0.050 0.006 0.64

FL (mm) 16.288(4.322) 0.006

aRaw data were a provided by the corresponding author of Geist et al. (2000a).
bFL and weight data collected on upriver brights at Bonneville Dam were provided by the corresponding author of Keefer et al. (2004) and ocean age of each of
the fish was predicted with the supplemental regression equation: ocean age D -4.909 C 0.099�FL (r2 D 0.90; N D 18; P < 0.0001) fitted with unpublished data
collected at Lyons Ferry Hatchery during 2010–2015.

cMean velocities of the tailrace area were visually approximated from 2-D tailrace velocity versus discharge figures in Rakowski et al. (2010) for Bonneville, The
Dalles, John Day, and McNary dams and then used in regression as described in footnote 3 below.
dRaw data were provided by the corresponding author of Tiffan et al. (2006) and used in regression as described in footnote 4 below.
eUnpublished data collected at Lyons Ferry Hatchery.
fMann et al. (2009).
gRaw data from Connor and Garcia (2006).
hMean velocities in the tailrace area were visually approximated from the 2-D tailrace velocity versus discharge figures in Rakowski et al. (2010) for Ice Harbor,
Lower Monumental, Little Goose, and Lower Granite dams and then used in regression as described in footnote 6 below.
iEquation from Tiffan et al. (2009) used as described in footnote 7 below.
jEquation set was obtained from the corresponding author of Tiffan et al. (2009), and used as described in footnote 8 below.
kFrom Mann (2007) reported in main body Table 5.
lDD>20 was the sum of the simulated and observed levels of DD>20 (i.e., total) reported in main body Table 5.
mFrom Quinn and Bloomberg (1992).
1Energy use (kcal/kg/d)D (O2 consumption [mg/kg/h] � weight [kg] � (travel time [d] � 24[h]) � 3.25)/ weight [kg] / travel time [d] / 1000 where 3.25 is the an oxy-
gen to caloric conversion factor (after Geist et al. 2000a from Brafield and Solomon 1972).
2Energy use (kcal) D energy use (kcal/kg/d) � weight (kg) � travel time (d).
3Rakowski et al. (2010) modeled velocity in the tailraces of the four Columbia River dams at flows of 150, 250, and 300 KCFS, and the modeled velocities at each
flow were averaged across dams to provide three mean velocities to regress against those three flows measured in the tailrace of McNary Dam for Stage II
modeling.
4Tiffan et al. (2006) measured mean cross-sectional velocity within 21 longitudinal sections of John Day Reservoir at flows of 156 and 300 KCFS, and a mean cross-
sectional velocity weighted based on the length of the reservoir represented by each section was calculated to provide two weighted mean velocities to interpo-
late against the two flows measured in McNary Dam tailrace for Stage II modeling.
5Fork length for the PIT-tagged fish was estimated with Eq 5.
6Rakowski et al. (2010) modeled velocity in the tailraces of the four Snake River dams at flows of 19, 30, and 85 KCFS, and the velocities at each flow were aver-
aged across dams to provide three mean velocities to regress against those three flows measured at Ice Harbor Dam for Stage II modeling.
7Tiffan et al. (2009) measured mean cross-sectional velocities at 16 transects spaced at 3 km intervals from Lower Granite Dam forebay to the upper end of Lower
Granite Reservoir at flows of 14.3, 32.1, 48.9, 82.4, and 172.3 KCFS, and the average of the 16 mean cross-sectional velocities predicted using the regression equa-
tions for each of the 16 transects was taken to represent velocities in the Ice Harbor, Lower Monumental, and Little Goose Reservoirs in the Stage II modeling.
When a radio-tagged fish used to create the pre-spawning movement templates passed the location of the transect, the predicted velocity for that transect was
included in the calculation of the distance-weighted velocity for the fish for Stage III modeling.
8Tiffan et al. (2009) measured mean cross-sectional velocities at 5 transects spaced at 3 km intervals from the upper end of Lower Granite Reservoir to the upper
end of the transition zone at flows of 12.4, 16.3, 37.4, 57.7, and 103 KCFS. When a radio-tagged fish used to create the pre-spawning movement templates passed
the location of the transect the estimated velocity for that transect was included in the calculation of the distance and time weighted velocity for the fish for
Stage III modeling.
9Cumulative temperature exposure was calculated for each of the 36 fish used to form the movement templates by multiplying the mean temperature measured
between tracking events, by the number of days represented by the tracking event, and summing the resulting products across tracking events.
10The sample size of PIT-tagged adults that successfully migrated from Bonneville Dam to Lower Granite Dam and were also detected passing Ice Harbor Dam.
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energy used by the fish that were detected at all three
dams were used to apportion the energy use for Stage I
modeling.

The total amount of energy used by each PIT-
tagged adult as it swam from Bonneville to McNary
Dam was equal to the sum of the simulated amounts
of somatic energy that were used for ovarian develop-
ment and for swimming (i.e., from Eq. 1; Table A1).
That total was then subtracted from the simulated
amount of useable somatic energy at Bonneville Dam
to calculate somatic energy content at McNary Dam.
If the somatic useable energy simulated for a fish at
Bonneville Dam was not exceeded upon arrival in
McNary Dam forebay, the fish was classified as a suc-
cessful migrant that survived during Stage I of the
model, otherwise it was classified as an unsuccessful
migrant that died due to exhaustion.

Somatic energy use stage II: McNary Dam
forebay to Lower Granite Dam forebay

In Stage II of the somatic energy use model (Figure 26),
the calculations described in the first stage were repeated
with data collected on each PIT-tagged adult that suc-
cessfully passed from McNary Dam forebay to Lower
Granite Dam forebay. The first step was to calculate the
weight of every fish that successfully migrated to the
forebay of McNary Dam by subtracting � 0.5 kg
(0.002279 kg/km; Mann et al., 2009) from their simu-
lated weight at Bonneville Dam.

To simulate somatic energy use during Stage II, aver-
age percentages of the travel time spent in tailrace-to-
dam (39%) and reservoir reaches (61%) were used to
apportion the observed travel times of the PIT-tagged
fish between Ice Harbor Dam tailrace and Lower Granite
Dam forebay (from Keefer et al., 2004). The total tailrace,
ladder, and reservoir distances are given in Table 1 of the
main body of the review. The daily mean flows and tem-
peratures were measured in the tailrace of Ice Harbor
Dam (CBR, 2017). Snake River-specific regression equa-
tions were fitted to simulate tailrace and reservoir veloci-
ties (Eqs. 9 and 10A–10O; Table A1). The sum of
simulated somatic energy use values from Stage I and II
modeling for a given fish was then subtracted from the
simulated amount of useable somatic energy for that fish
at Bonneville Dam to classify the fish as a successful or
unsuccessful migrant to Lower Granite Dam forebay.

Somatic energy use stage III: Spawning initiation
and the completion of spawning

In Stage III of the model, somatic energy use from
Lower Granite Dam forebay through the completion
of spawning was simulated for the PIT-tagged adults
that successfully migrated from McNary Dam forebay

to Lower Granite Dam forebay (Figure 26). The tem-
poral and spatial movements of every PIT-tagged,
successful migrant that passed Lower Granite Dam
during 2010–2015 were not monitored. To fill that
gap, the data collected by Connor and Garcia (2006)
were used to fit annual regression equations for simu-
lating energy use of each PIT-tagged adult from
Lower Granite Dam forebay to spawning initiation
(hereafter, pre-spawning energy use). In brief, the
energy expenditure of each of the 36 fish studied by
Connor and Garcia (2006) was determined from esti-
mates of swimming speeds, water velocities, and tem-
peratures that would have been experienced under
year-specific flows and temperatures during 2010–
2015. These are referred to annual pre-spawning
movement templates, which were then used to fit
regression equations to predict pre-spawning energy
use of PIT-tagged adults based on their date of pas-
sage and estimated weight at Lower Granite Dam.
This assumes that the pre-spawning movement pat-
terns and energy expenditure of the Connor and
Garcia (2006) fish are representative and applicable to
the PIT-tagged adults. Details follow.

The first step in the development of the pre-spawning
energy use regression equations was to create annual
(i.e., 2010–2015) pre-spawning movement templates rep-
resenting the velocity conditions a fish would experience
within those years for each of the 36 fish that were radio-
tagged and tracked by Connor and Garcia (2006; e.g., for
2010, Table A2). The template approach assumed that
the 36 fish would have the same movement behavior
under those years, as they did during the years they were
tagged and tracked by Connor and Garcia (2006).
Annual distance-weighted water velocities and tempera-
tures between tracking events were entered into the tem-
plates. Velocities for Lower Granite Reservoir were
simulated with Eqs. 10A–10O fitted for 16 velocity trans-
ects (Table A1), for the zone where the reservoir transi-
tions into riverine habitat with Eqs. 11A‒11F fitted for 5
velocity transects (Table A1), for the lower reaches of the
Clearwater, Grande Ronde, and Salmon rivers with Eq.
11A (Table A1), and for the stretch of the lower Snake
River extending from the upper end of the transition
zone to Hells Canyon Dam with a 1-D model (Borden
and Manning, 2011) that simulated mean cross-sectional
velocities at 1,124 transects.

The radio-tagged fish used to create the templates
often moved downstream after making upstream
movements (e.g., 9-Oct to 11-Oct; Table A2). In such
cases swimming speed was set at fish speed. The
radio-tagged fish also commonly held at a tracking
location (e.g., 05-Oct to 09-Oct; Table A2). The veloc-
ities at the holding location were sometimes high
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(e.g., > 3 m/s) because the last velocity transect of the
1-D model that the fish passed prior to holding was
located across or near a rapid. When a fish held posi-
tion, a velocity of 80 cm/s was assigned to the move-
ment template (e.g., 09-Oct; Table A2) after Raleigh
et al. (1986). The information in each pre-spawning
movement template along with the simulated weight
at Lower Granite Dam passage (see footnote 1 in
Table A2) of each radio-tagged fish was used to pre-
dict O2 consumption (Eq. 1; Table A1), and energy
use (e.g., Table A2).

Once the 36 pre-spawning movement templates were
created for each of the 6 years, annual pre-spawning
energy use regression models were fitted from day of
passage and simulated weight of the radio-tagged fish at
Lower Granite Dam (Eqs. 12A–12F, Table A1). Those
predictor variables were selected a priori because they
were obtainable for the PIT-tagged adults at Lower
Granite Dam. The weight of a given PIT-tagged adult at
Lower Granite Dam for input was calculated by subtract-
ing � 0.5 kg (0.002279 kg/km) from the weight of that
fish at McNary Dam. Fish were classified as unsuccessful
spawners if the simulations indicated that they expended
all of their useable somatic energy while making pre-
spawning movements. Those unsuccessful spawners are
referred to here as “pre-spawning mortalities,” as it was
assumed that they did not survive to select a spawning
site, begin redd construction, or expel any eggs.

To simulate the date of spawning initiation of each
PIT-tagged adult that was not classified as a pre-spawning

mortality, the travel time that was previously simulated to
apportion the somatic energy used for ovarian develop-
ment (i.e., Eq. 8; Table A1) was added to the day of pas-
sage at Lower Granite Dam. The next two steps in Stage
III of the model were simulating somatic energy use dur-
ing the completion of redd construction and spawning for
a given fish, and then adding that amount of energy to the
simulated amount of pre-spawning energy used by that
fish. Jonsson et al. (1991) measured energy use during
spawning of Atlantic salmon (Salmo salar) and reported
the average (§SD) female used 299 § 58 kcal/kg of
somatic energy to spawn. To simulate the weight of each
fish at the time of spawning site selection, the energy use
rate of 0.002279 kg/km was multiplied by 332 km (the
average distance the radio-tagged fish swam) and the
product (� 0.8 kg) was subtracted from the simulated
weight at Lower Granite Dam of each fish. That weight
was then multiplied by 299 kcal to calculate energy use
from spawning initiation to the completion of spawning.

To classify a particular fish that was simulated to
have initiated spawning as a successful or unsuccess-
ful spawner, the sum of the simulated somatic energy
use values from Stages I, II, and III of the model was
subtracted from simulated useable somatic energy
content at Bonneville Dam. If the difference was posi-
tive the fish was then classified as a successful
spawner, otherwise it was classified as an unsuccessful
spawner.

It was assumed that successful spawners had expelled
all of their eggs (i.e., were 100% spent), completed redd

Table A2. A movement template for a hatchery-origin female adult that had been PIT-tagged and released upstream of Lower Granite
Dam as a subyearling in 1999, radio tagged at Lower Granite Dam (rkm 173) as a 68-cm FL (measured), 3.3 kg (predicted1) adult female
in 2001, tracked to the lower end of the spawning grounds 0.4 d after being released at the dam, and then tracked to a spawning site
(rkm 379.2) along the Upper Hells Canyon spawning area where it was assumed to have initiated redd construction. Distance and time
weighted velocities and temperatures for 2010 were entered into the template. Abbreviation: DOY.h/24, day of year.hour divided by 24.

Tracking Speed (cm/s)

O2 consumption

Energy use

Date DOY.h/24 rkm Fish Water Swimming Temperature (�C) (mg/kg/h) kcal/kg/d kcal Cumulative

30-Sep 273.38 173.0
01-Oct 274.21 240.7 94 31 125 18.3 361 28 101
01-Oct 274.78 270.5 61 131 166 19.1 451 35 86 187
03-Oct 276.53 316.3 30 127 132 19.2 385 30 227 414
04-Oct 277.62 342.7 28 133 134 19.4 391 30 143 557
05-Oct 278.3 345.8 5 219 180 19.2 482 38 110 667
09-Oct 282.38 345.8 0 80 80 18.9 276 22 378 1045
11-Oct 284.49 316.3 16 135 16 18.6 143 11 102 1147
13-Oct 286.65 316.3 0 80 80 18.1 267 21 194 1341
15-Oct 288.44 345.8 19 116 112 17.7 327 25 197 1537
23-Oct 296.73 345.8 0 80 80 16.9 253 20 704 2241
24-Oct 297.65 316.3 37 116 37 16.5 161 13 50 2291
27-Oct 300.64 316.3 0 80 80 16.0 242 19 243 2535
29-Oct 302.43 345.8 19 116 112 15.7 304 24 183 2717
01-Nov 305.28 379.2 14 108 100 15.2 272 21 261 2979

1Weight at Bonneville Dam was estimated using the equation loge(WT) D -11.04346 � 2.96350�loge(FL) fitted from unpublished data collected on presumed
upriver bright fall Chinook salmon at Bonneville Dam and provided by the corresponding author of Keefer et al. (2004; ND 1,117, r2 D 0.94, P< 0.001), and then
the weight at Lower Granite Dam was calculated by subtracting� 1.0 kg (0.002279 kg/km traveled from Bonneville Dam to Lower Granite Dam; Mann et al.,
2009) from the estimated weight at Bonneville Dam.
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construction, and had the remaining energy needed to
guard their redds. At this point in the simulations, it was
also assumed that the fish classified as unsuccessful
spawners had initiated redd construction, but expelled
only a portion of their eggs before dying. Unsuccessful
spawners that fell into that category are referred to here
as “premature spawning mortalities.”

Depicting the role of cumulative temperature
exposure on spawning success

To depict the role of cumulative temperature exposure,
as the PIT-tagged adults swam from the lower to upper
stretch of the river system, on spawning success classifi-
cation, it was necessary to simulate cumulative tempera-
ture exposure of the individual fish between passage at
Lower Granite Dam to spawning initiation or death. The
data in the pre-spawning movement templates were used
to fit regression Eqs. 13A–13F (Table A1). Under the
2010–2015 temperature regimes, simulated cumulative
temperature exposure upstream of Lower Granite Dam
decreased as day of passage at the dam became later (see
main body).

Inputting the passage day of year observed for
each PIT-tagged adult that successfully migrated to
Lower Granite Dam into Eqs. 13A–13F provided
annual, fish-specific simulations of cumulative tem-
perature exposure between passage at Lower Granite
Dam and spawning initiation or death. The annual
averages calculated from those individual simulations
were added to the annual averages calculated for the
PIT-tagged adults between Bonneville and McNary
dams, and McNary and Lower Granite dams, to cal-
culate the total of the mean temperature exposures
(hereafter, annual cumulative temperature exposure
indices).

DD>20 simulations

One limitation of the Mann (2007) analysis was that
it was spatially restricted. No information was avail-
able on dam passage timing or thermal exposure of
the radio-tagged females downstream of Ice Harbor
Dam. Additionally, the radio-tagged females were
maintained in artificially cool (� 12.0�C) well water
at the hatchery, and were never exposed to the ambi-
ent temperatures within the warmer spawning areas
upstream of Lower Granite Reservoir. These methods
were developed to build on the Mann (2007) analysis
and illustrate how system-wide temperature exposure
from Bonneville Dam to the Upper Hells Canyon
spawning area measured in terms of DD>20 might
influence spawning success as measured by embryo
survival. It was necessary to (1) increase the spatial
representation of the regression equation developed

by Mann (2007), and (2) explore the temporal and
spatial characteristics of system-wide exposure to
temperatures above 20�C and the potential effect on
embryo mortality.

To extend the spatial representation of the Mann
(2007) analysis, a regression model was fitted to pre-
dict day of passage at Bonneville Dam from day of
passage at Ice Harbor Dam (Eq. 14; Table 1). Eq. 14
was then used to predict day of passage at Bonneville
Dam for each of the radio-tagged females Mann
(2007) used in his embryo loss analysis (Table 5).
Next, temperature data collected in the tailrace of
McNary Dam were used to calculate DD>20 for each
radio-tagged female between its predicted date of pas-
sage at Bonneville Dam and observed day of passage
at Ice Harbor Dam (Table 5). The sum of the
DD>20 values for the radio-tagged fish in the lower
and middle stretches of river (Table 5) were then
used to fit Eq. 15 (Table A1) for simulating embryo
loss.

Next, the cumulative DD>20 for each PIT-tagged
adult classified as a successful spawner had to be
determined for use in Eq. 15. Detection dates at Bon-
neville, Ice Harbor, and Lower Granite dams and
temperature data collected in the tailraces of McNary
and Ice Harbor dams were used to calculate DD>20
for these fish as they swam through the lower and
middle stretches of the river system. Values of
DD>20 for each PIT-tagged adult after passage at
Lower Granite Dam had to be simulated because the
movement of the fish was not monitored in the upper
stretch of the river system.

Each PIT-tagged adult had a known date of pas-
sage at Lower Granite Dam that marked entry into
Lower Granite Reservoir. That date was used earlier
in this review to simulate the number of days each
PIT-tagged adult was at large between passage at the
dam and the initiation of spawning. Thus, each PIT-
tagged adult had a Lower Granite Reservoir entry
date and a simulated spawning date in Upper Hells
Canyon. The exit date from the reservoir, the entry
date into and exit date from Lower Hells Canyon,
and the entry date into Upper Hells Canyon were not
known. That information was obtained through anal-
ysis conducted on a subsample of the radio-tagged
fish used to create the pre-spawning movement tem-
plates. Of those fish, 18 swam directly upstream to
the Upper Hells Canyon spawning area. On average
(§ SD), those 18 fish spent 4.1 § 4.0%, 10.0 § 4.9%,
and 85.8% § 8.3% of their total time at large between
passage at Lower Granite Dam and the initiation of
spawning, in Lower Granite Reservoir, Lower Hells
Canyon, and Upper Hells Canyon, respectively. Those
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location-specific percentages were used to simulate
the entry and exit dates needed to calculate DD>20
for each PIT-tagged adult as described in the follow-
ing example.

Fish tagged with PIT tag 3D9.1C2C4125A5 passed
Lower Granite Dam and entered Lower Granite Reser-
voir on 21-Sep-2013. The simulated number of days at
large between dam passage and spawning initiation was
47 for that fish. Thus, its simulated date of spawning was
08-Nov-2013. Partitioning the 47d by the percentages of
time spent in each location (described above) resulted in
� 2 d being spent in Lower Granite Reservoir, � 5 d
being spent in Lower Hells Canyon, and � 40 d being
spent in Upper Hells Canyon. Location-specific, daily
mean temperature data collected with thermographs
were then used to calculate DD>20 for the time the fish
was in each reach. System-wide DD>20 was calculated
by summing the lower stretch, middle stretch, Lower
Granite Reservoir, Lower Hells Canyon, and Upper Hells
Canyon DD>20 values.

To simulate embryo loss at the system-wide level,
the system-wide DD>20 values for the PIT-tagged
adults were input to Eq. 15. Some extrapolation was
required because the system-wide DD>20 values
included temperature exposure in the upper stretch of
the river system. The intercept of Eq. 15 (1.86%) was
subtracted from each simulated value of embryo loss
to account for embryo loss that was not attributable
to DD>20. To evaluate the potential association
between time of spawning and embryo loss due to
the thermal history of the female parent, the simu-
lated values of embryo loss of the PIT-tagged adults
were plotted against the simulated dates of spawning
initiation of those adults.

DD>16.5 simulations

To simulate embryo loss affected by DD>16.5, daily
mean temperature in the Upper Hells Canyon spawn-
ing area was determined for 4 days (after Reed 1901)
starting on the simulated date of spawning initiation
of each PIT-tagged adult classified as a successful
spawner by the somatic energy use model. Embryo
loss (%) was then simulated for each of those PIT-
tagged adults by decreasing embryo survival by 10.9
percentage points for every 0.1�C increase in
DD>16.5 (after Geist et al., 2006).

2080 climate scenario simulation flows

Hamlet et al. (2010) used 9 Global Climate Models
(GCM) to simulate precipitation and air temperature
as the predictors for Northwest precipitation and air
temperature. In this review, precipitation and air

temperatures downscaled from Hamlet’s GCM simu-
lations with the hybrid delta downscaling method
were used to simulate runoff and air temperature in
2080. Two of the historical data sets from Hamlet et
al. (2010) were used: (1) combined monthly average
total runoff and base flow for selected watersheds
within the Columbia River basin expressed as an
average depth (inches); and (2) monthly average air
temperatures for those basins (�F converted to �C).
The historical and 2080 data sets were downloaded
from the CIG web portal (http://warm.atmos.washing
ton.edu/2860/products/sites/).

The combined monthly average total runoff and
base flows were used to simulate daily mean flows
under the 2080 climate scenario for the following
locations:
(1) Hells Canyon Dam to the Imnaha River mouth
(2) Imnaha River
(3) Salmon River
(4) Grande Ronde River
(5) Clearwater River upper reach
(6) Dworshak Dam
(7) Palouse River
(8) Tucannon River
(9) Priest Rapids Dam
(10) Yakima River.
The daily mean flows for the above locations were

simulated as described in the following example for the
section of Upper Hells Canyon between Hells Canyon
Dam and the Imnaha River mouth. First, each historical
combined monthly average total runoff and base flow
was divided by the average, minimum, and maximum
combined monthly average totals taken from the GCM
B1 simulations for 2080 to calculate three adjustment
statistics per month (Table A3). The mean daily flow in
the baseline data set was then divided by the average,
minimum, and maximum adjustment statistics that cor-
responded to the month during which the daily mean
flow was observed. That step was applied to every day of
the year to produce the 2080 flow scenario for Upper
Hells Canyon from Hells Canyon Dam to the Imnaha
River mouth.

The 2080 simulation flows were shaped, as
described by example here, for Upper Hells Canyon.
The simulated daily mean 2080 simulated flows were
divided by 0.864, where 0.864 was calculated by
dividing the mean annual baseline flow of 17,937 CFS
by the mean annual 2080 simulated flow of 20,758
CFS. This provided a new set of daily mean 2080
simulated flows referred to as Qsimadj.

The simulations flows under the 2080 climate scenario
had to be calculated by using a combination of the simu-
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lation flows from the 10 locations described above. Such
locations included:
(1) Upper Hells Canyon from the Imnaha River mouth

to the Salmon River mouth
(2) Lower Hells Canyon from Salmon River mouth to

the Grande Ronde River mouth
(3) Lower Hells Canyon from Grande Ronde River

mouth to Clearwater River mouth
(4) Priest Rapids Dam to Yakima River mouth
(5) Yakima River at Kiona
(6) McNary Dam.
The equations and calculations are given in Table A4.

2080 climate scenario simulation temperatures

The historical monthly average air temperatures pre-
dicted from historical meteorological data and the
GCM models by Hamlet et al. (2010) were used to
approximate daily mean water temperatures for
the 2080 scenario as described in the following exam-
ple for Upper Hells Canyon. This was necessary
because historical data were only available on a
monthly time-step but data on a daily time-step were
required for this analysis. First, historical monthly
average air temperatures reported for the Snake River
basin upstream of Hells Canyon Dam were regressed
against baseline monthly average water temperatures
measured in Upper Hells Canyon during 1991‒2006.
Regression models were fitted separately for the
months January‒July and August‒December to best
capture the general increase in temperatures during
the former period, and the general decrease in tem-
peratures during the latter period (Table A5). Next,
the regression models were used to predict baseline
monthly average water temperatures from the histori-
cal monthly average air temperatures (Table A6). The

average, minimum, and maximum 2080 monthly
average air temperatures were then taken from the
output of GCMs downscaled with the hybrid delta
method (Table A6). Those three values of 2080
monthly air temperatures were input to the corre-
sponding January‒July and August‒December regres-
sion equations to predict 2080 monthly average water
temperatures (Table A6). Three sets of adjustment
statistics were calculated for each month as shown in
Table A6. Average daily mean and a range of water
temperatures for the 2080 scenarios were then esti-
mated as follows. The daily mean water temperatures
in the baseline data set were divided by the adjust-
ment statistics that corresponded to the months

Table A3. The historical combined monthly average total runoff and base flows for the Snake River basin upstream of Hells Canyon Dam
expressed as an average depth (inches); the average, minimum, maximum value of that combined monthly average from the GCM for
the B1 greenhouse gas scenario; and the adjustment statistics (historical divided by the average, minimum, or maximum values) for
each month used to adjust the 2080 daily simulation flows for expected hydropower operations for Upper Hells Canyon from Hells Can-
yon Dam to the Imnaha River mouth. Details are given in Hamlet et al. (2010). The data were downloaded from http://warm.atmos.wash
ington.edu/2860/products/sites/?site D 4010 (Available May 2017).

From the GCM models Adjustment statistics
Month Historical Average Minimum Maximum Average Minimum Maximum

October 0.116 0.115 0.098 0.140 1.009 1.184 0.829
November 0.138 0.165 0.125 0.190 0.836 1.104 0.726
December 0.163 0.238 0.179 0.337 0.685 0.911 0.484
January 0.170 0.279 0.199 0.388 0.609 0.854 0.438
February 0.185 0.323 0.220 0.475 0.573 0.841 0.389
March 0.310 0.428 0.361 0.489 0.724 0.859 0.634
April 0.478 0.552 0.484 0.699 0.866 0.988 0.684
May 0.554 0.484 0.416 0.563 1.145 1.332 0.984
June 0.387 0.274 0.227 0.325 1.412 1.705 1.191
July 0.198 0.154 0.133 0.175 1.286 1.489 1.131
August 0.122 0.111 0.098 0.125 1.099 1.245 0.976
September 0.104 0.099 0.084 0.113 1.051 1.238 0.920

Table A4. The series of equations that were used to calculate
simulation flows under the 2080 climate change scenario. Abbre-
vations: Q^, location-specific equation; 2080 Qsimadj, daily flow
data adjusted for 2080 conditions assuming the dam could be
operated to match the baseline hydrograph pattern; 2080 Qsim,
daily flow data adjusted for 2080 conditions in an unregulated
tributary. The locations are shown in Figure 1.

Equation Location
2080 simulation flow

calculations

Eq. 1Q^ Hells Canyon Dam to the
Imnaha

Hells Canyon Dam2080 Qsimadj

Eq. 2Q^ Imnaha to Salmon Eq. 1Q^ C Imnaha2080Qsim
Eq. 3Q^ Salmon to Grande Ronde Eq. 2Q^ C Salmon2080Qsim
Eq. 4Q^ Grande Ronde to

Clearwater
Eq. 3Q^ C Grande Ronde

2080Qsim

Eq. 5Q^ Clearwater lower reach Clearwater upper2080Qsim C
Dworshak Dam2080 Qsimadj

Eq. 6Q^ Lower Granite Reservoir Eq.4Q^ C Eq. 5Q^
Eq. 7Q^ Palouse Palouse2080Qsim
Eq. 8Q^ Tucannon Tucannon2080Qsim
Eq. 9Q^ Ice Harbor Dam Eq.6Q^ C Eq. 7Q^ C Eq. 8Q^
Eq. 10Q^ Hanford Reach to Yakima Priest Rapids Dam2080 Qsimadj

Eq. 11Q^ Yakima at Kiona Eq. 10Q^ C Yakima2080 Qsimadj

Eq. 12Q^ McNary Dam Eq. 9Q^ C Eq. 10Q^ C Eq. 11Q^
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during which the daily mean temperatures were
observed.

Pattern matching, as described for the 2080 daily
flow adjustment, was deemed unnecessary for the
2080 water temperature. Presently, the only confirmed
and tested source for cooling temperature in the river
system is the release of Dworshak Reservoir water
from Dworshak Dam. Temperature control operations

at Dworshak Dam are shaped around a variety of
restrictions, and as such, decreasing the release tem-
perature below the 1991‒2006 baseline period would
not be a simple matter. Moreover, it is quite possible
that the thermal stratification observed in the reser-
voir would change if precipitation and air tempera-
ture patterns change. Modeling such patterns was
beyond the scope of this review.

Table A5. Information on regression equations fitted to predict baseline monthly average water temperatures at the locations required
for simulating migration and spawning success of Snake River fall Chinook salmon within the Upper Hells Canyon spawning area from
historical monthly average air temperatures predicted from meteorological data and the GCM models by Hamlet et al. (2010). The his-
torical air temperatures were downloaded from http://warm.atmos.washington.edu/2860/products/sites/?site D 4010 (Available May
2017).

January‒July models August‒December models

Location N Parameter b SE r2 P N Parameter b SE r2 P

Upper Hells Canyon 7 Intercept 6.234 0.390 0.986 <0.0001 5 Intercept 10.214 0.792 0.968 0.0024
Air temperature 0.704 0.037 Air temperature 0.697 0.073

Imnaha River 7 Intercept 6.362 0.601 0.962 < 0.0001 5 Intercept 5.382 0.121 0.999 < 0.0001
Air temperature 0.778 0.069 Air temperature 0.987 0.013

Salmon River 7 Intercept 7.902 0.490 0.974 < 0.0001 5 Intercept 7.929 0.050 0.999 < 0.0001
Air temperature 0.794 0.059 Air temperature 0.971 0.006

Grande Ronde River 7 Intercept 5.326 0.566 0.978 < 0.0001 5 Intercept 4.007 0.363 0.997 < 0.0001
Air temperature 0.935 0.063 Air temperature 1.112 0.037

Lower Hells Canyon 7 Intercept 6.289 0.360 0.987 < 0.0001 5 Intercept 8.819 0.470 0.990 0.0004
Air temperature 0.706 0.036 Air temperature 0.788 0.045

Clearwater River 7 Intercept 5.688 0.244 0.988 < 0.0001 5 Intercept 6.262 0.734 0.945 0.0056
Air temperature 0.544 0.027 Air temperature 0.550 0.077

Lower Granite Dam 7 Intercept 5.880 0.297 0.990 < 0.0001 5 Intercept 7.906 0.729 0.974 0.0018
Air temperature 0.669 0.030 Air temperature 0.742 0.071

Ice Harbor Dam 7 Intercept 6.129 0.339 0.988 < 0.0001 5 Intercept 10.195 0.901 0.953 0.9533
Air temperature 0.678 0.034 Air temperature 0.677 0.087

McNary Dam 7 Intercept 6.733 0.478 0.973 < 0.0001 5 Intercept 11.028 0.627 0.973 0.0019
Air temperature 0.682 0.051 Air temperature 0.676 0.065

Table A6. The historical monthly average air temperatures (�C) predicted from meteorological data and the GCM models by Hamlet et
al. (2010) for the Snake River basin upstream of Hells Canyon Dam, baseline monthly average water temperatures (�C) measured in
Upper Hells Canyon during 1991‒2006, and the baseline monthly average water temperatures in Upper Hells Canyon predicted with
the January‒July and August‒December regression equations in Table A5. The average, minimum, maximum values of the 2080
monthly average air temperatures were taken from the GCMs using the B1 greenhouse gas scenario and used to predict 2080 monthly
average water temperatures with those regression equations. Adjustment statistics (predicted baseline monthly average water tempera-
tures divided by the predicted 2080 monthly average water temperatures) are also given. Details are reported in Hamlet et al. (2010).
The data were downloaded from http://warm.atmos.washington.edu/2860/products/sites/?site D 4010 (Available May 2017).

From the GCM models

Predicted

2080 air �C Predicted 2080 water �C Adjustment statistics

Historical Baseline baseline
Month air �C water �C water �C Average Minimum Maximum Average Minimum Maximum Average Minimum Maximum

January -4.9 4.2 2.8 -2.2 -3.8 -0.4 4.7 3.6 6.0 0.593 0.783 0.468
February -2.5 3.6 4.5 0.5 -2.0 2.1 6.6 4.8 7.7 0.681 0.927 0.580
March 0.6 5.9 6.7 3.3 1.9 4.7 8.6 7.6 9.5 0.778 0.879 0.698
April 5.4 9.9 10.0 8.1 6.9 12.0 12.0 11.1 14.7 0.839 0.905 0.684
May 10.3 13.4 13.5 12.9 11.7 14.6 15.3 14.5 16.5 0.880 0.932 0.817
June 14.4 16.7 16.4 17.6 15.8 18.4 18.6 17.4 19.2 0.880 0.943 0.853
July 19.7 20.2 20.1 23.0 21.0 24.3 22.4 21.0 23.3 0.897 0.956 0.861
August 18.5 21.8 23.1 22.2 20.1 23.6 25.7 24.2 26.7 0.900 0.954 0.867
September 13.4 20.5 19.6 16.8 15.0 18.2 22.0 20.7 22.9 0.891 0.946 0.854
October 7.5 16.5 15.4 10.1 8.8 10.8 17.2 16.4 17.7 0.895 0.945 0.870
November 0.7 11.1 10.7 3.1 1.8 4.2 12.3 11.5 13.1 0.867 0.933 0.814
December -3.2 6.9 8.0 -0.8 -2.2 0.5 9.7 8.7 10.6 0.825 0.920 0.756
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